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sites. 
Table 4.30a: ANOVA results for the effects of Conyza canadensis, stages of its 
growth, site and their interactions on soil invertase activity. 
Table 4.30b: Soil invertase activity [µg glucose g
-1
 soil h
-1
 (mean± SE)] in Conyza 
canadensis invaded and uninvaded (control) patches during pre-flowering, 
flowering and post-flowering stages of growth at different study sites. 
Table 4.31a: ANOVA results for the effects of Sambucus wighiana, stages of its 
growth, site and their interactions on soil invertase activity. 
Table 4.31b: Soil invertase activity [µg glucose g
-1
 soil h
-1
 (mean± SE)] in Sambucus 
wighitiana invaded and uninvaded (control) patches during pre-flowering, 
flowering and post-flowering stages of growth at different study sites. 
Table 4.32a: ANOVA results for the effects of Anthemis cotula, stages of its growth, 
site and their interactions on soil invertase activity. 
Table 4.32b: Soil invertase activity [µg glucose g
-1
 soil h
-1
 (mean± SE)] in Anthemis 
cotula invaded and uninvaded (control) patches during pre-flowering, 
flowering and post-flowering stages of growth at different study sites. 
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Table 4.33: Analysis of variance of percent increase/ decrease in the attributes studied 
in the soils invaded by Conyza canadensis, Sambucus wightiana and 
Anthemis cotula. 
Table 6.1: Percent increase/decrease in various attributes studied due to invasion by 
Conyza canadensis, Sambucs wightiana and Anthemis cotula. 
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 key driver of global environmental change is the invasion of 
ecosystems by alien species, many of which attain sufficiently high 
abundance to alter ecosystem structure and function (D‘Antonio and 
Vitousek, 1992; Ogle et al., 2003; Meffin et al., 2010). Biological invasions affect 
virtually all ecosystems on earth, but the extent of invasion of different regions 
and biomes, and the quality of information emanating from them varies greatly 
(Foxcroft et al., 2010). The invasions by alien species are also known to impact 
ecosystem services (Charles and Dukes, 2008) and human well-being (Pejchar and 
Mooney, 2009; Vilà et al., 2011). Invasive alien plants, because of their ability to 
alter ecological processes, such as carbon and nitrogen cycling (Liao et al., 2008; 
Ehrenfeld, 2010), hydrological cycles (Calder and Dye, 2001), frequency and/or 
intensity of fire (Brooks et al., 2004) and alteration of the normal disturbance 
regimes in the native communities (D‗Antonio and Meyerson, 2002; Werner et al., 
2010), have transformed many ecosystems by out competing native species 
(Lankau, 2010) and thus, are rightly regarded as one of the most substantial threats 
to biodiversity on earth (Cronk and Fuller, 1995; Chapin et al., 2000; Kowarik, 
2003; Werner et al., 2010).  
Invasive species are known to directly compete for resources with native 
species (Werner et al., 2010), disrupt inherent co-evolved interactions among 
long-associated native species (Callaway and Aschehoug, 2000; Callaway et al., 
2008; Werner et al., 2010; Zhang et al., 2010), like pollination (Butz Huryn, 1997; 
Simberloff and Von Holle, 1999; Chittka and Schürkens, 2001; Aizen et al., 2008) 
and seed dispersal (Knight, 1986; Riera et al., 2002; Traveset and Riera, 2005; 
Cavallero and Raffaele, 2010) and result in modification of interspecific 
interactions, community structure, and ecosystem processes in the native 
communities (Vitousek et al., 1997; Lonsdale, 1999; Richardson et al., 2000; 
Ehrenfeld et al., 2001; Le Maitre et al., 2002; Karl et al., 2005; Traveset and 
Richardson, 2006; Emer and Fonseca, 2011). Recent global meta-analysis of 199 
A 
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research studies dealing with 1041 field studies involving 135 alien plant taxa 
revealed that abundance and diversity of resident species decreased in invaded 
sites, whereas primary production and several other ecosystem processes were 
enhanced (Vilà et al., 2011).  
But most of the studies exploring the effects of plant invasions have 
focused on aboveground flora and fauna (Levine et al., 2003), although soil 
organisms play important roles in regulating ecosystem-level processes (Wardle et 
al., 2004), and soils contain much of the biodiversity of terrestrial ecosystems 
(Torsvik et al., 1990; Vandenkoornhuyse et al., 2002), because aboveground 
communities are relatively easy to observe and quantify (Belnap and Phillips, 
2001) and also because there are methodological limitations in studying 
belowground diversity.  As a result, few studies to date have considered the effects 
of invasive organisms on the abundance, composition and activity of the soil biota. 
However, the advent of tools and techniques that exploit presence of signature 
biomolecules, such as Phospholipid Fatty Acids (PLFA), Denaturing Gradient Gel 
Electrophoresis (DGGE), Terminal Restriction Fragment Length Polymorphism 
(T-RFLP) etc. has revolutionized the field of soil microbial ecology. These 
techniques have been used to monitor changes in microbial communities in many 
plant invasion studies (Meyer, 1994; Kourtev et al., 2002a, 2003; Angeloni et al., 
2006; Batten et al., 2006; Li et al., 2006; Kulmatiski and Beard, 2008; Zhang et 
al., 2010), and the results have revealed that invasive alien plants may suppress 
harmful rhizosphere soil microbes (Bais et al., 2004a; Lorenzo et al., 2010) and 
enrich beneficial ones thereby establishing positive feedback which could 
contribute to their proliferation (Klironomos, 2002; Batten et al., 2006; Kulmatiski 
and Beard, 2008; Sanon et al., 2011) to the detriment of native biodiversity 
(Callaway et al., 2004a; Lorenzo et al., 2010). On the other hand, several studies 
have also revealed negative effect of invasive plants on soil fungi due to invasion 
by Bromus tectorum (Belnap et al., 2005), arbuscular mycorrhizal fungi in 
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response to dominance of non-mycorrhizal Alliaria petiolata in North American 
forests (Roberts and Anderson, 2001; Wolfe and Klironomos, 2005; Stinson et al., 
2006; Callaway et al., 2008; Wolfe et al., 2008; Pringle et al., 2009; Vogelsang 
and Bever, 2009), microbial biomass C and ratio of fungi to bacteria due to 
Falcataria moluccana (Allison et al., 2006),  both soil fungi as well as bacteria 
due to Acacia dealbata invasion (Lorenzo et al., 2010).  
Invasive alien plants also significantly influence catabolic diversity of the 
soil microbial communities through their impact on the activity of soil enzymes, 
which represent a link between litter decomposition, microbial activity, and 
nutrient availability (Sinsabaugh et al., 2000; Elk, 2010). The influence of exotic 
plants on the activity of soil enzymes has been reported by several workers 
(Kourtev et al., 2002b; Allison et al., 2006; Chapuis-Lardy et al., 2006; Li et al., 
2006; Fan et al., 2010). 
It is clear from the growing number of studies that invasive alien species 
can alter ecosystem processes through a wide variety of mechanisms, over a 
variety of spatial and temporal scales (Ehrenfeld, 2010). Indeed, multiple 
mechanisms have been indentified that interact and reinforce each other in 
bringing about ecosystem change. Thus, it is necessary to search for mechanisms 
of impact of invasive alien species through documentation of interacting 
mechanisms, rather than to focus on single causative pathways as a ―holy grail‘ of 
universal explanation (Simberloff, 2010).   
The need for studies that explore the impact of invasive alien species has 
assumed urgency in India and Kashmir in view of reported occurrence of 1,599 
species, belonging to 842 genera in 161 families in India representing 8.5% of the 
total Indian vascular flora (Khuroo et al., 2011). Likewise, total alien flora of the 
Kashmir Himalaya is represented by 571 plant species, belonging to 352 genera 
and 104 families. Of the 787 and 436 species that have either escaped from 
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intentional cultivation, or spread after unintentional introduction in India and 
Kashmir, respectively,  225 species are invasive in India (Khuroo et al., 2011) and 
77 species are invasive in Kashmir (Khuroo et al., 2008).  
While studies related to demography phenotypic plasticity (Allaie et al., 
2005), allelopathy (Allaie et al., 2006), mycorrhizal mutualism (Shah and Reshi, 
2007; Shah et al., 2008a and b), herbivore induced over-compensatory growth 
(Rashid et al., 2006) and seed germination (Rashid et al., 2007) have been carried 
out on various invasive plant species in Kashmir, very few studies have 
documented the impact of alien species (Shah et al., 2008a; Khuroo et. al., 2010) 
in the Kashmir Valley. It is because of these lacunae that broad quantitative 
syntheses of how impacts vary in response to the attributes of recipient ecosystems 
and of the invaders themselves (Levine et al., 2003) are not available. This 
absence of a broad-scale assessment limits the ability to generalize and predict 
when and where impacts might be most deleterious (Vilà et al., 2011). Besides, 
there are many studies in which the same invasive alien species causes quite 
different impacts on ecosystem processes at different sites or at different times. 
This variability in effect emphasizes the importance of ecological context in 
understanding and anticipating impact on ecosystems.  
 
It is in this context that the present study was carried out to evaluate the 
impact of three invasive alien plant species, namely Conyza canadensis (L.) 
Cronq.  Sambucus wightiana Wall. ex Wt. and Arn. and Anthemis cotula L. on soil 
microbial structure and function. While S. wightiana   (Adoxaceae) invades the 
understory of coniferous forests in the Kashmir Valley, A. cotula and C. 
canadensis (both belonging to Asteraceae) are dominant elements of vegetation in 
ruderal habitats. The specific questions addressed during the present study were: 
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a. To what extent do the three invasive alien species impact the 
rhizospheric community structure?  
 
 
b. Being very sensitive indicators of soil health and ecological 
changes occurring in the soil, does the activity of various soil 
enzymes, soil microbial biomass, and activity of soil 
microorganism change in response to alien plant invasions.  
 
 
c. Do the impacts of invasive alien species depend on the ecological 
context, nature of the invasive species, and stage of growth of the 
invasive species? 
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iological invasion represents one of the most significant components of 
global environmental change (Vitousek et al., 1997; Theoharides and 
Dukes, 2007). Though transport of plant species has occurred in the past 
also but current movements are fast and involve more distant regions, primarily as 
a result of increased global commerce and travel (Huenneke, 1997; Mack et al., 
2000; Reichard and White, 2001; Le Maitre et al., 2004; Theoharides and Dukes, 
2007). During exotic invasions, man helps organisms overcome one of the most 
important barriers for uncontrolled spread in nature i.e., dispersal (Seabloom et al., 
2003). Thus, in invasion ecology, human mediated introductions of organisms, 
especially to areas well outside their potential range, as defined by their natural 
dispersal mechanisms and bio-geographic barriers are studied. 
 
It has been estimated that 480,000 alien species have been introduced into 
varied ecosystems on earth (Pimentel et al., 2001). More than 120,000 species of 
plants, animals, and microbes have invaded six nations including US, UK, 
Australia, South Africa, India and Brazil and many are causing a wide array of 
damage both to managed and natural ecosystems (Table: 2.1). Much of the 
biological interest in exotic species over the past 50 years has been guided by C. 
Elton‘s influential work (Elton, 1958) wherein, ecological, economic and 
conservation challenges resulting from invasion have been emphasised (Sax et al., 
2007). Many introduced species, like corn, wheat, rice, plantation forest species, 
domestic chicken, cattle, and others provide more than 98% of the world food 
supply with a value of more than US$ 5 trillion per year (USBC, 1998). However, 
this cannot overshadow the negative effects invasion has on native communities. 
Introduced plant, animal and microbe species cause about US$ 55 billion to 248 
billion losses to world agriculture each year (Bright, 1999). In US alone, exotic 
plant species cause a loss of approximately US$127 billion per year (Pimentel et 
al., 2000). Invasive plants change/alter key natural ecosystem processes (Vitousek 
B 
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and Walker, 1989; Corbin and D‘ Antonio, 2004; Parker and Schimel, 2010), 
nutrient cycling (McLendon and Redente, 1992; Berendse, 1998; van Breeman, 
1998; Hodge et al., 2000; Belnap and Phillips, 2001; Ehrenfeld et al., 2001; Evans 
et al., 2001; Mack et al., 2001; Scott et al., 2001; Ehrenfeld, 2003) and litter inputs 
(Ashton et al., 2005; Maarten et al., 2011) and reduce the resource base for native 
species (Ehrenfeld, 2001). They pose threats to native community because of 
competition (Daehler, 2003; Levine et al., 2003), predation (Polo-Cavia et al., 
2010), hybridization (Huxel, 1999; Ayres et al., 2004; Meirmans et al., 2010) and 
reproductive interference (Brown and Mitchell, 2001; Takakura et al., 2009; 
Matsumoto et al., 2010). Abiotic components of ecosystem, including fire 
(D‘Antonio and Vitousek, 1992; Kurdila, 1995; Vitousek et al., 1996, 1997; 
D‘Antonio et al., 2000; Lippincott, 2000; Mack et al., 2001; Tunison et al., 2001; 
Levine et al., 2003; Pimentel et al., 2005), water (Melgoza et al., 1990; Busch and 
Smith, 1995; Dyer and Rice, 1999; Gerlach, 2000; Zavaleta, 2000; Levine et al., 
2003) and erosion regimes (Holmgre, 2002) are also altered due to invasive alien 
species.  
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Table 2.1: Economic losses due to introduced pests to crops, pastures and forests 
in the United States, United Kingdom, Australia, South Africa, India and 
Brazil (US$ billion dollars per year). 
 
 
Introduced 
pest 
US UK Australia S. Africa India Brazil Total 
Weeds        
       Crops 27.9 1.4 1.8 1.5 37.8 17.0
a
 87.4 
       Pastures 6.0 - 0.6 - .92 - 7.52 
Vertebrates        
       Crops 1.0
b
 1.2
c
 0.2
d
 -
e
 - - 2.4 
Arthropods        
      Crops 15.9 0.96 0.94 1.0 16.8 8.5 44.10 
      Forests 2.1 - - - - - 2.1 
Plant 
pathogens 
       
     Crops 23.5 2.0 2.7 1.8 35.5 17.1 82.6 
      Forests 2.1 - - - - - 2.1 
Total 78.5 5.56 6.24 4.3 91.02 42.6 228.22 
a
 Pasture losses included in crop losses. 
b
 Losses due to English starlings and English sparrows (Pimentel et al., 2000). 
c
 Calculated damage losses from the European rabbit. 
d
 Emmerson and McCulloch, 1994. 
e
  data not available. 
Source: Pimentel et al. (2001) 
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Interactions between exotic plants and soil microbes  
 
Plants selectively affect the soil biota associated with their rhizosphere and 
establish feedback interactions with them (Bever et al., 1997; Reynolds et al., 
2003; van der Putten, 2003; Kardol et al., 2007; Hollister et al., 2010; de la Peña et 
al., 2010). These feed-back processes critically influence species interactions, 
ecosystem processes and overall spatial and temporal dynamics of plant 
communities (Vitousek et al., 1997; Lonsdale, 1999; Richardson et al., 2000; 
Ehrenfeld et al., 2001; Le Maitre et al., 2002; Yelenik et al., 2004; Callaway et al., 
2005; Ehrenfeld et al., 2005; Hierro et al., 2005; Karl et al., 2005; Reinhart and 
Callaway, 2006; Traveset and Richardson, 2006; Kulmatiski et al., 2008; de la 
Peña et al., 2010; Emer and Fonseca, 2011). Role of soil biota in exotic plant 
invasions is well recognised (Reinhart et al., 2005; Levine et al., 2006; Reinhart 
and Callaway, 2006; te Beest et al., 2009; de la Peña et al., 2010). Exotic plants 
may suppress harmful rhizosphere soil microbiota (Bais et al., 2004a; Lorenzo et 
al., 2010) and enrich beneficial ones thereby establishing positive feedback which 
could contribute to their proliferation (Klironomos, 2002; Batten et al., 2006; 
Kulmatiski and Beard, 2008; Sanon et al., 2011) at the expense of native 
biodiversity (Callaway et al., 2004a; Lorenzo et al., 2010). Many studies indicate 
negative effect of invasive plants on soil microorganisms. For example, rapid 
decline in richness of soil fungi due to invasion by Bromus tectorum has been 
reported (Belnap et al., 2005); the dominance of non-mycorrhizal Alliaria 
petiolata in North American forests has been shown to cause significant declines 
in the abundance (Roberts and Anderson, 2001) and function (Wolfe and 
Klironomos, 2005; Stinson et al., 2006; Callaway et al., 2008; Wolfe et al., 2008; 
Pringle et al., 2009; Vogelsang and Bever, 2009) of arbuscular mycorrhizal fungi. 
It has also been reported that Falcataria moluccana decreases microbial biomass 
C slightly but significantly and reduces the ratio of fungi to bacteria in the invaded 
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sites (Allison et al., 2006). Similarly, Acacia dealbata invasion negatively affects 
soil fungi as well as bacteria (Lorenzo et al., 2010). Some invasive species inhibit 
native mutualisms through allelopathy (Callaway et al., 2008; Zhang et al., 2010) 
and some also accumulate soil pathogens which inhibit native plants (Westover 
and Bever, 2001; Eppinga et al., 2006; Mangla et al., 2008; de la Peña et al., 2010; 
Inderjit and van der Putten, 2010; Sun and He, 2010). For example, Chromolaena 
odorata accumulates high concentrations of a generalist soil pathogen in its 
rhizosphere soil which suppresses native plant species more than the plant itself 
(Mangla et al., 2008). Interestingly, the same plant in another introduced range S. 
Africa does not accumulate local pathogens (te Beest et al., 2009). Invasive plant 
species can also affect the soil microbial community by altering nutrient pools and 
other processes, like C, N and P cycles (Wolfe and Klironomos, 2005; Kao-
Kniffin and Balser, 2007; Lorenzo et al., 2010). Thus, changes in plant litter and 
root exudates are often highly correlated with shifts in microbial community 
composition (Broughton and Gross, 2000; Jones et al., 2004; Paterson et al., 2007; 
Nie et al., 2010). Notwithstanding well established negative relations between 
invasive plants and native soil microflora, invasive plants do establish positive 
relationships with many native soil organisms as well and exploit it to their 
benefit.  
 
Soil microbe and plant feed-back systems 
 
It should not be difficult for a non-native plant to find a mutualistic partner 
in the non-native range that would aid in its spread (Richardson et al., 2000; 
Reinhart and Callaway, 2006).  As stated earlier, exotic plants modify soil 
community to establish positive feedbacks promoting their own spread 
(Richardson et al., 2000; Rodríguez-Echeverría et al., 2009; de la Peña et al., 
2010). These mutualisms may involve fungal, bacterial or actinomycete partners 
and are briefly reviewed below. 
Ph. D Thesis 
 
27 
 
Plant-fungal mutualisms 
 
Plant-mycorrhizal symbiosis is one of the most important biotic interactions 
in the biosphere (Allen, 1991; Hartnett and Wilson, 2002; Mummey and Rillig, 
2006; Shah et al., 2010). An estimated 86% of terrestrial plant species acquire 
mineral nutrients via mycorrhizas (Smith and Read, 1997; van der Heijden et al., 
1998; Callaway et al., 2004a; van der Heijden et al., 2008; Brundrett, 2009; Sun 
and He, 2010; Tedersoo et al., 2010). Other  benefits of the partnership to plants 
include reduced stress caused due to  herbivory,  pathogens,  chemicals (Smith and 
Read, 2008; Tedersoo et al., 2010; Sanon et al., 2011), and drought (Augé et al., 
2001; van der Heijden et al., 2008; Shah et al., 2010), besides increased resistance 
to heavy metals (Hardie, 1985; Galli et al., 1994). Some ECM fungi utilize organic 
C, and may produce enzymes for C acquisition during periods of reduced plant 
photosynthesis (Cullings and Courty, 2009; Burke et al., 2011). The presence and 
identity of mycorrhizal isolates (Scheublin et al., 2007) as also their geographical 
origin (Shah et al., 2008a,b) influence the outcome of competitive interactions 
between invasive and native plants (Bray et al., 2003; Casper and Castelli, 2007; 
Sun and He, 2010). Thus, invader-induced changes in mycorrhizal fungal 
communities are being increasingly implicated in positive feedback cycles 
promoting plant invasion (Wolfe et al., 2008; Vogelsang and Bever, 2009; Spence 
et al., 2010; Sun and He, 2010). For example, invasion by  various species, like 
Acer negundo, Acer platanoides, Bidens pilosa, Solidago canadensis and Sorghum 
halepense has been reported to be promoted due to their symbiotic association 
with mycorrhizas (Reinhart and Callaway, 2004; Cui and He, 2009; Rout and 
Chrzanowski, 2009; Sun and He, 2010). Centaurea maculosa, a notorious invader 
in North America, also invades by connecting to the local mycorrhizal mycelial 
network in its introduced range (Marler et al., 1999; van der Putten et al., 2007a).  
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The various types of plant fungal mutualisms vis-a-vis alien plant invasions are 
reviewed below: 
 
AM fungal symbiosis in relation to plant invasions   
 
AM fungi are vital determinants of above-ground plant diversity and 
productivity (van der Heijden et al., 1998; Shah et al., 2010; Sanon et al., 2011). 
On account of their ubiquity and presumed low level of host specificity, AM fungi 
were generally thought to play a minor role in plant invasions (Richardson et al., 
2000; Zhang et al., 2010), however, specific host-fungal associations have been 
reported to exist (Bever, 2002; Klironomos, 2003) as some AM fungal species are 
more beneficial to a particular host than others (Bever et al., 1996; van der Heijden 
et al., 1998; Bever, 2002; Klironomos, 2003; van der Heijden et al., 2003; Moora 
et al., 2004). Besides, it has also been observed that certain plant hosts 
differentially promote some AM fungi (Bever et al., 1996; Eom et al., 2000; Bever 
et al., 2009; Zhang et al., 2010). Thus, the AM fungi mediated effect on plant 
community structure and diversity is well-established (van der Heijden et al., 
1998; Klironomos et al., 2000; Vogelsang et al., 2006), and different functional 
traits of AM species  may be a reason for the observed effects (Helgason et al., 
2002; Burke et al., 2011).While the identity of AM species influences the 
performance of invasive plants (Bray et al., 2003; Stampe and Daehler, 2003; 
Zhang et al., 2010), invasive plants also, in turn,  influence structure of AM 
community (Hawkes et al., 2006; Hausmann and Hawkes, 2009; Vogelsang and 
Bever, 2009; Shah et al., 2010; Zhang et al., 2010). For example, AM fungi 
promote spread and invasiveness of Solidago canadensis more than native Stipa 
bungeana (Sun and He, 2010); S. canadensis, in turn, increases AM fungal species 
favouring its growth but also inhibits those favouring the growth of its native 
competitor Kummerowia striata (Zhang et al., 2010). Time of invasion by 
Solidago canadensis in Chongming Island, China has been found to be 
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significantly and positively correlated with the rate of AM colonization (Liang et 
al., 2004). Many other studies point towards role of AM fungal mutualisms in 
aiding and abetting plant invasions (Callaway et al., 2004a; Reinhart and 
Callaway, 2006; Fumanal et al., 2006; Shah and Reshi, 2007; Shah et al., 2008a, b; 
Shah et al., 2010; Zhang et al., 2010). No wonder then majority of the 199 
―representative invasive species‖ listed by Cronk and Fuller (1995) show 
mutualistic association with AM fungi (Richardson et al., 2000).  A study by Shah 
et al. (2009a), first of its kind in the Kashmir Himalayan region, also revealed high 
incidence of AM symbiosis (92% at species level and 96% at family level) in alien 
invasive plants at different stages of invasion. Mycorrhizas may even favour 
invasion by their facultative symbiotic partners which switch their mode of 
nutrient acquisition depending on the level of mycorrhizal inoculums, for example, 
persistence of alien Bromus tectorum in American sagebrush steppe has been 
attributed to its facultatively mycorrhizal condition (Goodwin, 1992). Melinis 
minutiflora also is a facultatively mycorrhizal invasive plant in Hawaii whereas 
native species are always mycorrhizal (Richardson et al., 2000). Positive effect of 
AM on growth development and spread of Ambrosia artemisiifolia, a North 
American invader in Europe has been reported (Fumanal et al., 2006). 
Invasiveness of Anthemis cotula also relies on AM symbiotic associates, with 
more favourable effect from resident AM mutualists in the invaded range than 
from foreign AM species (Shah et al., 2009b). 
 
Moreover, interactions between plants and mycorrhizal fungi may not 
always be simple two-way interactions. Non-native species may exploit the 
benefits of symbiosis without paying for the cost of maintaining it (Reinhart and 
Callaway, 2006). Competitive effects of the invasive Centauria maculosa on the 
native grass Festuca idahoensis (Marler et al., 1999; Zabinski et al., 2002; 
Callaway et al., 2004b; Carey et al., 2004) have been suggested to be mediated by 
mycorrhizal transfer of carbon from Festuca to Centaurea via a shared mycelial 
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network (Carey et al., 2004), however, some workers attribute it to increased 
phosphorus uptake (Zabinski et al., 2002). Similar general effects of soil fungi 
have been reported for the annual invasive C. melitensis (Callaway et al., 2001, 
2003). 
 
EM fungal symbiosis in relation to plant invasions   
 
Although ECM symbiosis involves only a tiny fraction of the plant (2%)  
(Scotland and Wortley, 2003; Brundrett, 2009) and fungal diversity (0.5–0.7%)  
(Hawksworth, 2001; Tedersoo et al., 2010), they play important role in seedling 
establishment and tree growth of most of the ecologically and economically 
important forest trees (Tedersoo et al., 2010). In fact, 6,000 plant and 20,000–
25,000 fungal species, respectively, are currently estimated to be involved in ECM 
symbiosis (Rinaldi et al., 2008; Brundrett, 2009; Tedersoo et al., 2010). Pinaceae 
is certainly the oldest extant plant family that is symbiotic with ECM fungi 
(Hibbett and Matheny, 2009; Tedersoo et al., 2010). Forest soil and litter microbial 
biomass mainly contain ECM and saprotrophic fungi. Many ECM fungi also 
produce extracellular enzymes capable of mineralizing C, N and P from soil 
organic matter and litter (Leake et al., 2002; Read and Perez-Moreno, 2003; Smith 
and Read, 2008; Burke et al., 2011). Up to 80% of all plant N in boreal forests is 
derived from ECM fungi (Simard et al., 2002; Hobbie and Hobbie, 2006). The 
ECM association is beneficial to both the partners under natural conditions (Melin, 
1921, 1923; Frank, 1885; Egger and Hibbett, 2004; Tedersoo et al., 2010), the 
balance, however, may be tilted towards one or the other partner in 
anthropogenic/artificial conditions that alter soil nutrient concentrations (Tedersoo 
et al., 2010). ECM symbiosis can be distinguished from other putatively 
mutualistic plant-fungal interactions by morphological criteria, i.e., the presence of 
a fungal mantle covering the root tips and a Hartig net (Brundrett, 2004; Smith and 
Read, 2008; Tedersoo et al., 2010). Arbutoid, pyroloid, and ectendomycorrhizas 
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are considered sub-types of ECM (Brundrett, 2004; Tedersoo et al., 2010). The 
plants that form ECM associations seem to vary widely in the specificity (Pringle 
et al., 2009). Ectomycorrhizal fungi have been hypothesized to promote 
dominance of the EM dependent species over those dependent on VAM in low 
diversity tropical rain forests (Connell and Lowman, 1989). It has been reported 
that Pinus spp. could invade much of the southern hemisphere only after the 
introduction of its ectomycorrhizal fungal symbiont (Richardson et al., 1994; van 
der Putten et al., 2007a). 
 
Native ericoid mycorrhizas have also been reported to enhance invasion 
success of some plant species (Wardle, 1991; Lazarides et al., 1997). Two orchid 
species, namely Arundina graminifolia and Spathoglottis plicata forming orchid 
mycorrhizas (Koske et al., 1992) are widespread and abundant invaders in Hawaii 
(Wester, 1992), where there are no native orchids (Richardson et al., 2000; 
Reinhart and Callaway, 2006).   
 
 
Role of Plant-bacteria symbiosis in plant invasion  
 
Association between plant roots and nitrogen fixing bacteria is one of the 
most exhaustively studied symbiotic associations in the plant kingdom, yet its role 
in plant invasions has been virtually ignored (Richardson et al., 2000). Bacteria as 
well as actinomycetes are implicated in the invasive spread of alien plants. 
Invasive plants may form mutualisms with native nitrogen-fixing Rhizobium and 
Frankia spp. (Allen and Allen, 1981; De Faria et al., 1989; Clawson et al., 1997; 
Ehrenfeld, 2003) or may bring their symbionts along (Weir et al., 2004; Chen et 
al., 2005). Many of the world's most problematic environmental weeds are 
nitrogen-fixing legumes, including species of Acacia, Albizia, Cytisus, Genista, 
Leucaena, Lupinus, Mimosa, Paraserianthes, Parkinsonia, Prosopis, Robinia, 
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Sesbania, Spartium and Ulex  probably because of their wide use by humans 
(Richardson et al., 2000).   
 
Many woody dicotyledonous angiosperms in the families Betulaceae, 
Casuarinaceae, Coriariaceae, Datiscaceae, Elaeagnaceae, Myricaceae, 
Rhamnaceae and Rosaceae fix nitrogen in association with actinomycete Frankia 
(Benson and Silvester, 1993). At least the following species that harbour 
actinorhizal symbionts are important invaders of natural systems: Casuarina 
equisetifolia, Elaeagmus angustifolia, E. umbellata, E. pungens and Myrica faya 
(Vitousek and Walker, 1989; Cronk and Fuller, 1995; Richardson et al., 2000). 
Invasion by Myrica faya in Hawaii is a matchless example of successful invasion 
promoted by symbiosis that M. faya has with the nitrogen-fixing actinomycete 
Frankia (Vitousek et al., 1987; Burleigh and Dawson, 1994). It is not known 
whether the plant and its symbiotic associate arrived in a single introduction event, 
or if the symbiont was already in place in the native community when Myrica 
arrived (Reinhart and Callaway, 2006). This mutualism has dramatically altered 
nitrogen cycling, nitrogen pool sizes and the overall structure of plant community 
in Hawaii (Vitousek et al., 1987). 
 
Symbiosis between invasive plants and nitrogen-fixing organisms is 
common even in areas where native flora does not form these associations 
(Richardson et al., 2000; Weir et al., 2004; Reinhart and Callaway, 2006). 
Invasion by nitrogen-fixing symbionts may also enhance secondary invasions by 
nitrophilous weedy species (Yelenik et al., 2004; Reinhart and Callaway, 2006). 
For example, seedlings of the non-native grass Bromus diandrus accumulated 
more root and shoot biomass (48% and 93%, respectively) when grown in soil 
collected under experimentally killed native nitrogen-fixing lupines compared 
with seedlings grown in soil collected about 1m away from them (Maron and 
Connors, 1996; Reinhart and Callaway, 2006). 
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Non-mycorrhizal invasive plants and those less dependent on mycorrhizas 
than native plants tend to degrade these associations and reduce the abundance of 
fungal symbionts (Pyšek, 1998; Vogelsang et al., 2004; Reinhart and Callaway, 
2006; Stinson et al., 2006; van der Putten et al., 2007b; Seifert et al., 2009; 
Vogelsang and Bever, 2009; Inderjit and van der Putten, 2010 ; Shah et al., 2010; 
Zhang et al., 2010; Sanon et al., 2011), as they do not need to invest carbon in 
maintaining such mutualistic associations (Bray et al., 2003;  Stinson et al., 2006; 
Seifert et al., 2009; Vogelsang and Bever, 2009; Zhang et al., 2010). This 
negatively affects native plant species with strong dependence on mycorrhizal 
fungi. For example, spore numbers and AM hyphal length are reduced in the soils 
invaded by Amaranthus viridis (Sanon et al., 2011). Mycorrhizal inoculating 
potential of the soil decreases with increase in the density of A. petiolata 
individuals (Roberts and Anderson, 2001; Burke et al., 2011), A. petiolata thus 
indirectly inhibits native tree regeneration by suppressing ectomycorrhizal fungi 
on which native tree seedlings depend (Stinson et al., 2006; Wolfe et al., 2008). 
Thus, additional invasion by non-mycorrhizal, non-native species is facilitated and 
the re-establishment of native species is inhibited and this is what has been called 
as ―the degraded mutualisms hypothesis‖ of plant invasion (Vogelsang et al., 
2005). On the basis of negative effects of invasive plants on mycorrhizal 
associations it has been suggested that they may have similar negative impacts on 
associations between nitrogen fixing organisms and their plant symbionts (Inderjit 
and van der Putten, 2010), and negative  interference has actually been found 
(Sanon et al., 2011). Aqueous root extract of Amaranthus viridis inhibits rhizobia 
development in Acacia (Sanon et al., 2009). Inhibition of nodulation of Acacia sp. 
in presence of A. viridis and drastic reduction in the growth of 30 strains of 
Rhizobia originating from different places in Africa has also been reported (Sanon 
et al., 2011). Chrysanthemoides monilifera inhibits nodulation in Acacia sephorae 
(Vranjic et al., 2000). However, the indirect mechanisms of exotic plants to 
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influence native plants e.g., by influencing their symbiositic relations have been 
rarely explored (Inderjit and van der Putten, 2010). 
 
In view of introduction of modern molecular methods for characterization 
of microbial diversity, role of soil microbial diversity in relation to plant invasions 
has received significant scientific attention in recent past.  The data available 
suggest that positive  interactions do play some role and that, the cycle of self-
promotion through positive feed-back is at least one of the mechanisms through 
which invasive plants successfully establish and invade new habitats (Reinhart et 
al., 2003; Callaway et al., 2004a; Hawkes et al., 2005; Sun and He, 2010). An 
improved understanding of the net effects of soil microbes on the success of 
invasive plants is required to better understand the structure of terrestrial 
communities and the underlying causal processes (Klironomos, 2002; Reinhart et 
al., 2003; Callaway et al., 2004a; Reinhart and Callaway, 2004; Wolfe and 
Klironomos, 2005; Reinhart and Callaway, 2006; Wardle, 2006; Kulmatiski et al., 
2008; van der Heijden et al., 2008; Cui and He, 2009; Sun and He, 2010). 
Understanding how the shifts in microbial communities affect the outcome of 
competition between invasive and native plants (Bever et al., 1997; Bever, 2003; 
Zhang et al., 2010) and linking microbial community composition to function will 
help reveal the cascade of changes that follow plant invasion (Hawkes et al., 
2005). 
 
Plant invasion and soil nutrient cycling 
 
The impact of above-ground plant communities on below-ground 
rhizospheric microbial communities is very well-known. While soil biota 
essentially rely on the quality of plant derived resources (Wardle et al., 2004), 
plant performance is driven by the activity and diversity of decomposers 
(Eisenhauer et al., 2009, 2010a, 2010b, 2011). Soil microbes may even be 
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influenced by variations in the plant species populations. This, at least in some 
cases, is the important strategy of invasive plants to invade new areas successfully 
(Sakai et al., 2001; Bossdorf et al., 2005; Nie et al., 2010). Understanding the 
effect of invasive plants on soil processes is of critical importance (Marchante et 
al., 2008). Exotic plant species with traits, such as large size, high growth and 
photosynthetic rates and higher nutrient content, than native species are likely to 
cause ecosystem-level effects (Ehrenfeld, 2004; Marchante et al., 2008; 
Weidenhamer and Callaway, 2010). High specific leaf areas, growth rates, and 
leaf nutrient concentrations relative to the natives can increase rate of 
decomposition and, therefore, influence nutrient cycling positively (Allison and 
Vitousek, 2004; Weidenhamer and Callaway, 2010). Further, denser and taller 
plants in terrestrial environments alter light and moisture regimes and create 
thicker litter layers changing the habitat for all types of consumers (Ehrenfeld, 
2010).  
 
Biogeochemical cycling of nutrients is influenced by the plant species 
composition (Vitousek et al., 1987; Evans et al., 2001; Herr, et al., 2007) which 
may be dramatically changed by alien plant invasion (Tyser and Key, 1988; Herr, 
et al., 2007). Species with novel traits, such as ability to fix nitrogen (Vitousek et 
al., 1979), those with chemical arsenal (Stinson et al., 2006), pathogen resistance 
(Reinhart et al., 2003) and those producing organic matter of a different quality 
(than natives) (Ehrenfeld, 2003; van der Putten et al., 2007a) are likely to result in 
more obvious changes. Indeed, invasive plant species with acquisitive traits (e.g., 
faster growth rate, large size and leaves with higher specific leaf areas and greater 
nutrient concentrations) have been found to impact ecosystem structure and 
function more prominently (Ehrenfeld, 2003, 2004; Allison and Vitousek, 2004; 
van der Putten et al., 2007a). Loss of aboveground plant biodiversity and 
establishment of monocultures is often the first noticeable change in invaded areas 
(Bais et al., 2003; Vivanco et al., 2004; Lorenzo et al., 2010) and altered resource 
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supply and nutrient processing rates in the ecosystem is end result of these 
changes (Schimel, 1995; Treseder and Allen, 2000; Balser et al., 2001; Hawkes et 
al., 2005).  It is because changes in plant diversity alter quality and quantity of 
organic compounds in detritus which, in turn, limits and thus, controls the 
structure and function of microbial communities (Grayston et al., 1998; Broughton 
and Gross, 2000; Chapman et al., 2003; Zak et al., 2003; Ehrenfeld, 2004; 
Reinhart and Callaway, 2006; Nie et al., 2010). Vast body of literature indicates 
that exotic invasive plant species alter nutrient cycling  (Weidenhamer and 
Callaway, 2010), possibly by modifying soil microbiota (Callaway et al., 2004a; 
Reinhart and Callaway, 2006; Kao-Kniffin and Balser, 2007; Jordan et al., 2008; 
Sanon et al., 2009, 2011; Lorenzo et al., 2010).  
 
 The analysis of ecosystem impacts caused by exotic plant species is related 
to the current theoretical understanding of the ways in which species affect 
ecosystem function (Hooper et al., 2005; Reiss et al., 2009; Ehrenfeld, 2010). 
Ecosystem engineers (Cuddington et al., 2007), keystone species (Power et al., 
1996), and foundation species (Ellison et al., 2005; Ehrenfeld, 2010) form the 
basis of first set of theories. The functional traits (the complex of morphological, 
physiological, and chemical properties of individual species) which surfaced 
strongly in recent explanations of exotic species impacts (Levine et al., 2003; 
Henderson et al., 2006; Raizada et al., 2008; Ehrenfeld, 2010) occupy a central 
role in explaining species-ecosystem relationships (Eviner and Chapin, 2003; 
Hooper et al., 2005; Gamfeldt and Hillebrand, 2008; Reiss et al., 2009) and form 
the basis for the second set of theories (Ehrenfeld, 2010). A third set of theories 
invokes concepts of food web structure and trophic cascades (Polis et al., 1999; 
Shurin et al., 2002; Ehrenfeld, 2010) in explaining the impacts brought about by 
invasive alien plant species. 
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Impact of invasion on soil nutrient pool sizes 
 
Various studies have explored the change in soil nutrient pool sizes 
following plant invasion (Ehrenfeld, 2010) and a recent meta-analysis by Liao et 
al. (2008), the most exhaustive study examining such impact, revealed that large 
increase in the pool sizes of aboveground and belowground C (133 and 5%) and N 
(86 and 112%) occurred due to plant invasion; litter and soil C pools also 
increased by 49 and 7%, respectively. Not only did C and N content increase in 
plants but such an increase has been recorded in soil and soil microbes as well 
(Liao et al., 2008). Invaded ecosystems also recorded higher rates of net N 
mineralization and nitrification (52% and 53%, respectively). Plant N 
concentrations and N and lignin concentrations in litter were also reported to 
increase in invasive plants than in native plants (by 40%, 38%, and 17%, 
respectively), but litter C: N and lignin: N ratios were 30% and 42% lower, 
respectively. Consequently, N input into soil was proportionally greater than C 
input during litter decomposition (Hobbie, 1996; Christian and Wilson, 1999; 
Chapin et al., 2002). The corresponding values for soil ammonium and nitrate 
concentrations were 30% and 17% higher. Higher plant and litter N concentrations 
and lower litter C: N and lignin: N ratio primarily account for the higher 
decomposition rate in invaded ecosystems (Vitousek and Walker, 1989; 
Witkowski, 1991; Allison and Vitousek, 2004; Rothstein et al., 2004; Liao et al., 
2008).  Above-ground net primary production was stimulated by 83% in invaded 
ecosystems compared with native ecosystems. Soil microbial biomass N increased 
in 8 out of 10 cases in response to plant invasion (Ehrenfeld, 2003; Liao et al., 
2008). Increased litter decomposition rate (117%) in invaded ecosystems was 
consistent with many other experimental studies (Allison and Vitousek, 2004; 
Rothstein et al., 2004; Liao et al., 2008). Similar trends have been reported in 
other reviews (Ehrenfeld, 2003; Raizada et al., 2008; Ehrenfeld, 2010) also. 
 
Ph. D Thesis 
 
38 
 
Soil nutrient pools increase frequently than they decrease following plant 
invasions (Liao et al., 2008) and reports of higher plant and litter biomass are more 
frequent than reports of lower amounts (Ehrenfeld, 2010). Examples of invasions 
resulting in lower pool sizes include that by Bromus tectorum  (lower soil and 
biomass C stocks in invaded shrubland than in non-invaded shrubland) (Bradley et 
al., 2006; Ehrenfeld, 2010) and Agropyron cristatum (soil C and N pools less by 
25% in invaded zone, although aboveground biomass pools were higher) 
(Christian and Wilson, 1999; Ehrenfeld, 2010). However, Blank (2008) reported 
that invasion by Bromus tectorum, in western North America, was correlated with 
increased availability of manganese, nitrogen, phosphorus, copper, iron, calcium, 
and potassium (Weidenhamer and Callaway, 2010). Similar increases have been 
reported in many other studies, including invasion by Lepidium latifolium in the 
western United States (Renz and Blank, 2004; Weidenhamer and Callaway, 2010). 
In the native Krascheninnikovia lanata dominated vegetation, invasion by 
Halogeton glomeratus increased the concentrations of nitrate, phosphorus, 
potassium, and sodium in the soil (Duda et al., 2003; Weidenhamer and Callaway, 
2010). Invasion by A. dealbata on three ecosystem types was associated with 
significant increases in total soil C, N, organic matter and exchangeable P 
(Lorenzo et al., 2010). Amaranthus viridis increased C, N and P concentrations in 
the invaded soils (Sanon et al., 2011). Alliaria petiolata invaded soils in North 
American temperate deciduous forest were consistently and significantly higher in 
nitrogen, phosphorus, calcium, and magnesium availability and soil pH (Rodgers 
et al., 2008; Weidenhamer and Callaway, 2010). Lantana camara invasion in 
India resulted in increased soil available nitrogen, ammonification and nitrification 
rates, and nitrogen mineralization which, in turn, showed correlation with high 
nitrogen, low lignin, low lignin: nitrogen ratios, and low carbon: nitrogen ratios in 
L. camara litter (Sharma and Raghubanshi, 2009). Substantial increase in a wide 
range of nutrients under the canopies of the invasive Fallopia japonica through 
―nutrient uplift‖ (net displacement of nutrients from deep layers to topsoil) 
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(Jobbágy and Jackson, 2004; Dassonville et al., 2007; Herr, et al., 2007; 
Weidenhamer and Callaway, 2010) and redistribution has also been reported. 
Bromus tectorum also affects the flow of nutrients through the soil system with the 
potential to alter the vertical distribution of nutrients in the soil profile 
(Weidenhamer and Callaway, 2010). Higher chemical quality (lower C: N and/or 
lower lignin: N ratios) of invasive plant litter results in its rapid decomposition 
than native litter (Liao et al., 2008) and this may facilitate rapid decomposition of 
co-occurring native species also (Ashton et al., 2005; Hughes and Uowolo, 2006; 
Rodgers et al., 2008; Ehrenfeld, 2010). On an average in invaded terrestrial 
ecosystems litter decomposition rates are higher for exotic than co-occurring 
native species (Liao et al., 2008). Example of equivalent or slower litter 
decomposition of exotic species than natives mostly include grasses, such as 
Holcus lanatus (Bastow et al., 2008), Spartina alterniflora (Liao et al., 2007), 
Aegilops triuncalis (Drenovsky and Batten, 2007), Microstegium vimineum 
(Ehrenfeld et al., 2001), Bromus tectorum (Ogle et al., 2003), and also some 
broad-leaved species, such as Robinia pseudoacacia (Castro-Díez et al., 2009) and 
Acer platanoides (Reinhart and VandeVoort, 2006; Ehrenfeld, 2010). 
 
Site of invasion (Dassonville et al., 2008), composition of the invaded 
community and soil properties (Ehrenfeld, 2003) can be important sources of 
variation in the impacts of alien invasive species on soil nutrient pool sizes 
(Ehrenfeld, 2010). For example, Lythrum salicaria invasions elevate N pool sizes 
in some sites (Fickbohm and Zhu, 2006) but not in others (Mahaney et al., 2006); 
Solidago gigantea also alters soil pool sizes of N and P in some sites but not others 
(Scharfy et al., 2009; Vanderhoeven et al., 2006; Ehrenfeld, 2010). Dassonville et 
al. (2008) reported profound positive effect of invasion on sites with small initial 
nutrient pools, intermediate positive effect on sites with intermediate nutrient 
status and negative effect on sites with largest initial nutrient pools in the topsoil. 
The converging effect of invasion on soil chemical properties should not be 
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surprising considering that invasion results in the convergence of plant community 
composition.  
 
Several N-fixing invasive species increase the soil litter inputs leading to 
higher soil N content and faster decomposition; thus, more N returns to the soil 
from the aboveground biomass (Witkowski, 1991; Yelenik et al., 2004; Hughes 
and Denslow, 2005; Allison et al., 2006; Marchante et al., 2008). As expected, N 
cycling and C accumulation increases more following invasion by N-fixing plants 
(Marchante et al., 2008) than that by non N-fixing species (Ehrenfeld, 2010). N-
fixing invasive species, such as Acacia spp. in South Africa (Yelenik et al., 2004), 
Myrica faya (Vitousek et al., 1987) and Falcataria moluccana (Allison et al., 
2006) in Hawaii or Cytisus scoparius in California (Haubensak and Parker, 2004; 
Caldwell, 2006) influence inputs of C and N and microbial processes in soil 
altering ecosystem-level characteristics (Marchante et al., 2008). Invasion by 
Acacia  longifolia changes N pools by increasing  soil and litter N, nitrification 
and β-glucosaminidase activity in long invaded (more than 20 years) soils and N 
availability in long and recently invaded (less than 10 years) soils (Marchante et 
al., 2008). N availability also increased after invasion by Acacia spp. in some 
South African sites, (Stock et al., 1995; Yelenik et al., 2004), even in early stages 
of invasion (Witkowski, 1991) while no increase was reported in the other sites 
(Witkowski, 1991; Stock et al., 1995; Marchante et al., 2008). This could be due to 
differences in the leaf chemistry of Acacia spp. or in the soil properties and 
processes associated with the different systems (Stock et al., 1995; Marchante et 
al., 2008). Striking increases in potential nitrification were recorded in the soil of 
recent and long invaded areas possibly reflecting N inputs through litter or N-
fixation (Marchante et al., 2008). A. longifolia invaded areas with low nutrient 
content and subsequently enriched the soil, rather than invading only rich soils 
(Marchante et al., 2008). This is in conformity with the findings by Funk and 
Vitousek (2007) which showed that plants do not necessarily or preferentially 
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invade high resource availability sites but also low-resource sites contrary to 
previous widely held belief (Marchante et al., 2008). C input rates also increase 
following exotic plant invasion (Baruch and Goldstein, 1999; Funk and Vitousek, 
2007; Liao et al., 2008; Ehrenfeld, 2010; Tecco et al., 2010; van Kleunen et al., 
2010).  
 
The effects of invasive N-fixing plants on ecosystems have been widely 
discussed and reviewed but only a few of these studies have actually attempted 
quantifying the change in net N inputs due to the addition of an alien N-fixing 
plant (Scherer-Lorenzen et al., 2008). The seminal work of Vitousek and 
colleagues on Myrica faya invasions in Hawaii is one of the few quantifications of 
the amount of increase in N inputs (from 0.2 to 18 kg N ha
−1
 year
−1
) (Vitousek and 
Walker, 1989; Ehrenfeld, 2010). N-fixation rates also vary with the invader and 
site (Yelenik et al., 2007; Rodríguez-Echeverría et al., 2009; Ehrenfeld, 2010). 
Non-symbiotic N fixation responds to invasion in various ways but is poorly 
quantified. Plant invasions can decrease N-fixation rates through reductions in 
microbial habitats (Ley and D‘Antonio, 1998; Sperry et al., 2006). Symbiotic N-
fixing exotic plants do increase N pools in plants and soil (Rice et al., 2004), 
however, the impact of change in N-fixation rates on the N budgets of ecosystems 
remains to be evaluated (Ehrenfeld, 2010). 
 
 While N and C pools have most frequently been documented, fewer 
studies have addressed P and cations. Cation pools frequently show both increases 
and decreases, as well as lack of difference vis-a-vis plant invasion (Ehrenfeld, 
2010). Phosphorus pools tend to increase in soil following invasion (Duda et al., 
2003; Hughes and Denslow, 2005; Vanderhoeven et al., 2006), but decrease or 
absence of difference has also been observed (Collins and Jose, 2009; Martin et 
al., 2009; Scharfy et al., 2009; Ehrenfeld, 2010). It is not clear whether invaders 
increase the available soil phosphorus or preferably forage microsites with high 
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soil phosphorus (Weidenhamer and Callaway, 2010). Phosphorus concentration in 
the invasive forb Centaurea maculosa, growing in natural field conditions was 
more than twice the three abundant native species. At very low levels of soil 
phosphorus availability, phosphorus uptake by C. maculosa was six times greater 
than that by the native forb Lupinus argenteus (Thorpe et al., 2006; Weidenhamer 
and Callaway, 2010). Soil phosphorus levels increased in sites with C. maculosa 
relative to where the weed had been eliminated with herbicide, thus providing 
evidence that the invader was actually the cause of the elevated phosphorus 
concentrations in the soil (Weidenhamer and Callaway, 2010). Higher phosphorus 
under C. maculosa is consistent with increases in soluble phosphorus found in the 
rhizospheres of plants that exude phosphatases (Grierson and Adams, 2000) or 
chelating compounds (Grierson, 1992; Stevenson and Cole, 1999; Weidenhamer 
and Callaway, 2010). Invasion by Amaranthus viridis increased concentrations of 
nitrogen, carbon, total phosphorus, and soluble phosphorus in the top 15cm of soil 
(Sanon et al., 2009; Weidenhamer and Callaway, 2010). Total phosphorus was 
almost three times higher in invaded soils, whereas soluble phosphorus was 
approximately twice as high in invaded soils (Weidenhamer and Callaway, 2010).  
 
Exotic invasive plants alter ecosystem processes through a wide variety of 
mechanisms that complement each other over a variety of spatial and temporal 
scales and a wide range of degrees of impact (Ehrenfeld, 2010; Weidenhamer and 
Callaway, 2010). Most cases of observed change involve multiple mechanisms 
although individual functional traits of some engineering or keystone species 
account for many of the observed impacts (Ehrenfeld, 2010). Invasive species do 
not behave the same way everywhere in their introduced ranges; ecosystem 
consequences of exotic invasions are thus site and context-specific. Although 
morphological and ecophysiological traits of plants provide a primary explanatory 
framework for their impacts on ecosystems (Ehrenfeld, 2010) and highly local 
effects of invasive plants on their substratum are known, yet very little is known 
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about the scale at which these effects function (Weidenhamer and Callaway, 
2010). A necessary step in understanding the impact on soil chemistry, therefore, 
would be scaling up, from small scale experiments to large scale field-based 
monitoring of the effects of invasive alien plants (Weidenhamer and Callaway, 
2010). Plant-soil-microbe interactions and the role of secondary metabolites can 
help in understanding whether and how exotic invasive plants change ecosystems 
in ways fundamentally different from native species. It will also help resolve 
important questions in ecology, evolution, and conservation biology (Callaway et 
al., 2005; Weidenhamer and Callaway, 2010).  
 
Plant invasion and soil enzyme activity 
 
Exotic plants have significant influence on catabolic diversity of the soil 
microbial communities, which in turn influences nutrient cycling and ecosystem 
processes (Marchante et al., 2008). The metabolic responses of soil microbial 
communities depend on the substrate produced by the exotic plants and the 
microbial diversity in the soil (Marchante et al., 2008; Inderjit and van der Putten, 
2010). Extracellular enzymes in soil mediate organic matter breakdown (Caldwell, 
2005; Bing-Ru et al., 2006; Burns and Wallenstein, 2010) and represent the link 
between litter decomposition, microbial activity, and nutrient availability 
(Sinsabaugh et al., 2000; Elk, 2010). Soil enzyme activities are the direct reaction 
of the soil community to their metabolic requirements and available nutrients 
(Caldwell, 2005) and thus have important implications for soil fertility. Soil 
enzymes are produced by diverse communities of bacteria and fungi in soil 
(Tabatabai and Dick, 2002; Burns and Wallenstein, 2010) and by roots into the 
rhizosphere (Treseder and Vitousek, 2001; Elk, 2010). Nature of soil microbial 
community and quality of soil organic matter critically influence soil enzyme 
activities (Sinsabaugh et al., 1991; Waldrop et al., 2000; Allison and Vitousek, 
2004; Fan et al., 2010). Complex organic products like polysaccharides, (aromatic 
Ph. D Thesis 
 
44 
 
and aliphatic), amides and esters etc. are broken down into plant usable forms by 
simultaneous and/or sequential activities of different soil enzymes, like endo-
cellulases, cellobiohydrolases, β-glucosidases, polyphenol oxidases and 
peroxidises (Kirk and Ferrell, 1987; Sinsabaugh et al., 1992; Sinsabaugh, 1994; 
Schimel and Bennett, 2004; Caldwell, 2005).  
 
Soil enzymes also serve as sensitive indicators of soil health and provide 
early information about any ecological changes occurring in the soil (Dick and 
Tabatabai, 1992; Li et al., 2006) and as such have been correlated with soil 
physio-chemical characters (Amador et al., 1997), moisture content (Criquet et al., 
2004), pH (Li et al., 2006), vegetation types (Waldrop et al., 2000; Sinsabaugh et 
al., 2002), nutrient availability (Sinsabaugh et al., 1994; Decker et al., 1999), 
disturbance (Bolton et al., 1993; Eivazi and Bayan, 1996; Garciá and Hernández, 
1997; Boerner et al., 2000),  microbial community structure (Waldrop et al., 2000; 
Kourtev et al., 2002a; Marschner et al., 2005; Joanisse et al., 2007) and succession 
(Tscherko et al., 2003), with scale of resolution ranging from particle size 
fractions (Kandeler et al., 1999)  to landscape level (Bonmati et al., 1991; Amador 
et al., 1997; Decker et al., 1999). Conceptual models have been constructed from 
soil enzyme data to provide a comprehensive understanding of the key processes 
linking microbial populations and nutrient dynamics (Sinsabaugh and Moorhead, 
1994; Schimel and Weintraub, 2003; Caldwell, 2005). 
 
The influence of exotic plants on the activity of soil enzymes has been 
reported by several workers (Kourtev et al., 2002b; Allison et al., 2006; Chapuis-
Lardy et al., 2006; Li et al., 2006 and Fan et al., 2010). However, it is not fully 
known as to how the presence of an exotic plant influences root extracellular 
enzyme activity of native species (Tadano and Sakai, 1990; Araújo et al., 2008; 
Elk, 2010). Invasive plants differ from native species in patterns of growth, 
allocation and acquisition of resources (Wilsey and Polley, 2006; Dassonville et 
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al., 2008; Liao et al., 2008), and occasionally in their choice to hyper-accumulate a 
particular nutrient, which could result in the altered structure and function of soil 
microbial communities (Batten et al., 2006; Chacón et al., 2009). Extracellular 
enzyme activity could be directly promoted by leaf litter through induction 
(Martens et al., 1992; Sinsabaugh et al., 2002; Sall et al., 2003), or be inhibited 
through catabolite suppression (Kirk and Fenn, 1982; Dilly and Nannipieri, 2001). 
Li et al. (2006) reported that invasion by Mikania micrantha greatly accelerated 
decomposition of organic matter in the invaded zone; soil under Mikania had 
lower organic matter content and higher activities of phenoloxidase, protease, 
urease and argininedeaminase (Sinsabaugh and Moorhead, 1994; Sims and 
Wander, 2002), activities of β-glucosidase, invertase, acid and alkaline 
phosphatase also increased with Mikania invasion while, that of CM-cellulase 
decreased (Li et al., 2006). Similar findings have been reported by Kourtev et al. 
(2002a), who observed that cellulolytic and phosphatase activities were higher in 
soil under native Vaccinium sp. while activities of chitobiase and aminopeptidase 
both related to N metabolism were higher in soil occupied by Berberis thunbergii 
(Japanese barberry) and Microstegium vimineum (Japanese stilt grass). Solidago 
gigantea invasion increased both acid and alkaline phosphatase activities 
(Chapuis-Lardy et al., 2006) and Falcataria moluccana increased acid 
phosphatase activity (Allison et al., 2006). Kalmia angustifolia tannins at low 
concentrations also increased acid phosphatase activity, but the activity above 
some threshold value was inhibited (Joanisse et al., 2007). A study by Chacón et 
al. (2009) involving exotic plant species namely Kalanchoe daigremontiana and 
Stapelia gigantea revealed that alkaline phosphatase activity did not differ 
between native and exotic plants in spite of high P concentration in the root tissue 
of the K. daigremontiana.  Soils invaded by Lantana camara recorded higher 
performance of the soil microbial community and elevated activities of urease, 
argininedeaminase, acid and alkaline phosphatase, CM-cellulase, invertase and 
polyphenoloxidase (Fan et al., 2010). Community performance, in terms of 
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quantities and proportions of microbial C, N and P and soil respiration also 
increased in the Lantana invaded sites (Fan et al., 2010). Compared to the soils in 
the centre of Lantana invaded patch, both uninvaded and soils on the edge had 
lower soil enzyme activities (Li et al., 2006; Fan et al., 2010). F. moluccana 
invasion increased activity of soil urease (Allison et al., 2006). According to these 
authors, inputs of organic N by this invasive species stimulated soil microbes to 
produce urease enzyme. Urease activity is often positively correlated with soil 
organic matter due to stabilization of the extracellular urease by humic substances 
(Nannipieri et al., 1978; Nannipieri et al., 1983; Roscoe et al., 2000; Nourbakhsh 
and Monreal, 2004; Allison et al., 2006; Corstanaje et al., 2007; Chacón et al., 
2009). K. daigremontiana also increased urease activity in the invaded soil 
(Chacón et al., 2009). Microstegium vimineum increased activity of four soil 
enzymes including endocellulase, aminopeptidase, alkaline phosphatase, and 
phenol oxidase as compared to the soil sampled from the native plants in a 
greenhouse experiment (Kourtev et al., 2003). Thus, most of the published 
research indicates that invasive plants induce higher performance of soil microbial 
community, increased soil microbial biomass and basal respiration, elevated soil 
enzymes activities and rapid nutrient cycling (Kourtev et al., 2002b; Garcia et al., 
2005; Li et al., 2006; Fan et al., 2010).  
 
Notwithstanding the general trend of increased soil enzyme and microbial 
activity following exotic plant invasion, many studies have reported a decrease 
(Christian and Wilson, 1999; Leary et al., 2006; Liao et al., 2007) or variability in 
response to invasion by the same species depending on local conditions (Stock et 
al., 1995; Meyerson et al., 2000; Belnap and Philips, 2001; Scott et al., 2001; 
Ehrenfeld, 2003; Liao et al., 2007). For example, introduction of Eucalyptus 
grandis in a pasture ecosystem decreased microbial activity (dehydrogenase and 
fluorescein diacetate) as well as activity of acid and alkaline phosphatases (Sicardi 
et al., 2004; Liao et al., 2007) but Kalanchoe daigremontiana did not change soil 
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microbial and alkaline phosphatase activities though it increased soil urease 
activity (Chacón et al., 2009). Elk (2010) did not find any significant difference 
between native and exotic root extracellular enzyme activities in his study 
involving native Acer rubrum, Parthenocissus quinquefolia (virginia creeper), 
Andropogon gerardii (big bluestem), Helianthus occidentalis (western sunflower) 
and Sasafras albidum (sassafras) and exotic Rhamnus frangula (glossy buckthorn), 
Saponaria officinalis (bouncing bet), Alliaria petiolata (garlic mustard) and 
Lonicera maackii (honeysuckle) species. A. petiolata with significantly higher 
enzyme activity was the only exception. It had higher leucine aminopeptidase 
activity than the native species A. rubrum and P. quinquefolia and higher 
phosphatase activity than the native A. gerardi, A. rubrum, P quinquefolia, S. 
albidum, and H. occidentalis. Thus, in this case root extracellular enzyme activity 
did not explain the success of invasive exotic species. 
 
Besides a relatively less number of studies that have studied impact of 
exotic plant invasion on soil enzymes, diverse methodologies have been employed 
in such studies (Burns, 1978; Tabatabai, 1994; Tabatabai and Dick, 2002). Thus, 
there is an urgent need to optimize the methods involving soil enzyme studies in 
invasion and also natural substrates like phytates (Svenson, 1986) and nucleic 
acids (Frankenberger et al., 1986) etc. occurring in soil be used instead of artificial 
substrates. Further work on soil enzyme activity involving a range of invasive 
plants in diverse habitat types would increase our understanding of the linkages 
between resource availability, resource variability, ecosystem processes and 
microbial community structure and function.  
 
Allelopathy and plant invasions 
 
Some of the invasive alien species exert their impact through production of 
allelochemicals. In fact, allelopathy is being increasingly recognised as a driving 
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force for some plant invasions (Zhang et al., 2009; Lankau, 2010) and ‗novel 
weapons hypothesis‘ is mainly based on the premise that species invading a non-
native region may have an arsenal of secondary metabolites to which the resident 
community may not be as resistant as the community with which the plant in 
question has co-evolved (Goodall et al., 2010). The novel weapons may deter 
herbivores (Carpenter and Cappuccino, 2005) or directly suppress native plants 
and/or their microbial symbionts (Barto et al., 2010). Allelopathy has been cited as 
being an important trait of successful invaders (Callaway and Ridenour, 2004; 
Bais et al., 2003; Goodall et al., 2010) and the factor accountable for 
transformation of vegetation, at least, by some alien plants (Goodall et al., 2010). 
Literature surveys also point towards prevalent nature of the novel secondary 
compounds in invasive plants (Cappuccino and Arnason, 2006). Some cases in 
point include Eurasian Centaurea spp., Lepidium draba, Vaccinium myrtillus, and 
Alliaria petiolata which inhibit growth of plants from outside their native range 
more than those from within it (Mallik and Pellissier, 2000; Prati and Bossdorf, 
2004; McKenney et al., 2007; Inderjit et al., 2008; Barto et al., 2010).  
 
Most of the elegant studies on allelopathy in relation to invasion have been 
carried on Centaurea species, C. maculosa and C. diffusa, native to Eastern 
Europe and Asia Minor which have spread throughout rangelands in the United 
States and Canada (Roche and Roche, 1991). Although allelopathic activity of 
these species has been reported at least 40 years ago (Fletcher and Renney, 1963), 
it attracted significant attention only recently. Strong negative effect of C. diffusa 
on grass species from its introduced range than on those from its native range 
(Callaway and Aschehoug, 2000) was the first report that pointed towards the role 
of allelopathy in plant invasions. In a follow-up study, 50% reduction in the 
biomass of Festuca when grown with Centaurea than when grown with con-
specifics was reported, addition of activated charcoal to the substratum increased 
the biomass of Festuca by 85% in presence of Centaurea. Thus, a substantial 
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portion of the total interference of Centaurea on Festuca was ascribed to 
allelopathy. The chemical responsible for this interference was identified as (-)-
catechin produced in the roots of the plant. In the phytotoxicity tests of (-)-
catechin, all the eight plants grown in the presence of root exudates of C. 
maculosa died after two weeks of the addition of the exudate. Thus, (-)-catechin 
with broad-spectrum herbicidal activity was reported to mediate spotted 
knapweed‘s (Centaurea) successful invasion. In a complementary study mode of 
action of (-)-catechin (initiation of a wave of reactive oxygen species at the root 
meristem which after causing a Ca
+
 signalling cascade causes death of the root 
systems) was elucidated (Bais et al., 2003). Several studies have been carried out 
on A. petiolata as well. Allelopathic effects of A. petiolata have been 
demonstrated against plants as well as arbuscular and ectomycorrhizal fungi 
(Vaughn and Berhow, 1999; Roberts and Anderson, 2001; Prati and Bossdorf, 
2004; Stinson et al., 2006; Wolfe et al., 2008; Barto and Cipollini, 2009; Barto et 
al., 2010). Biologically  active secondary compounds produced by A. petiolata are 
known and include glucosinolates and their degradation products, such as 
cyanoallyl and flavonoid glycosides, and cyanide (Haribal and Renwick, 1998; 
Vaughn and Berhow, 1999; Haribal and Renwick, 2001; Haribal et al., 2001; 
Renwick et al., 2001; Cipollini and Gruner, 2007; Barto et al., 2010), besides 
many defensive proteins widely distributed among plant families, such as trypsin 
inhibitors (Cipollini and Bergelson, 2001; Cipollini et al., 2005; Barto et al., 
2010). However, ecological relevance of the cyanide produced by A. petiolata is 
yet to be determined (Barto et al., 2010). A. petiolata extracts (enriched in 
flavonoids, glucosinolates, or both) have been shown to be more inhibitory to 
mycorrhizal fungi from North American soils than those from European soils 
(Stinson et al., 2006; Callaway et al., 2008; Wolfe et al., 2008; Lankau, 2010). 
Also native mustard specialist herbivores have difficulty in consuming and 
completing their development on Alliaria (Keeler and Chew, 2008) and the plant 
suffers only minor herbivory in the field (Evans and Landis, 2007; Barto et al., 
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2010). This is in spite of the qualitative similarity in biologically active secondary 
products of A. petiolata in European and North American populations (Cipollini et 
al., 2005). Involvement of allelopathy in the invasiveness of A. petiolata is 
strongly supported by a recent study by Barto et al. (2010). Other allelopathic 
effects of A. petiolata include inhibiting the growth of two types of perennial 
woodland herbs that co-occur with A. petiolata, Geum urbanum and G. laciniatum 
(Prati and Bossdorf, 2004), preventing germination of Gigaspora rosea, inhibiting 
the formation of mycorrhizal associations with Lycopersicum esculentum 
(tomato), and inhibiting growth of L. esculentum (Roberts and Anderson, 2001; 
Elk, 2010). Importantly, the allelopathic effects of A. petiolata on mycorrhizal 
fungi from North American or European soils have been seen to follow 
biogeographical patterns as predicted by the novel weapons hypothesis (Callaway 
et al., 2008; Barto et al., 2010). This underscores the importance of biogeography 
in explaining some plant invasions (Barto et al., 2010).  
 
Although many studies make a strong case in favour of novel weapons 
hypothesis, yet the hypothesis is not complete in explaining alien plant invasion. 
There is a concern that laboratory bioassays may not be ecologically relevant in 
the field and as such the results obtained under laboratory conditions may not 
always hold true under field conditions (Inderjit and Weston, 2000). For example, 
Blair et al. (2005) did not find any measurable quantity of catechin using new 
methods of quantifying it in soils invaded by Centauria maculosa.  In bioassays 
without soil, catechin was found to be poorly phytotoxic to several plant species 
tested, and in a dose–response experiment growth reduction occurred at a dose 
much higher than commonly encountered in nature (Duke et al., 2009a, b; Goodall 
et al., 2010). Moreover, catechin is an antioxidant, rapidly denatured by 
extracellular root enzymes and should not be expected to cause damage by 
oxidation. Occurrence of phytotoxic chemicals in root exudates should not be a 
surprise, as most plants have been shown to have allelopathic properties nearly 30 
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years ago (Harper, 1977; Stowe, 1979), many inhibiting their own growth as 
autotoxicity in them is as high as allotoxicity (Stowe, 1979). There are several 
examples in Asteraceae alone (in addition to Parthenium) where allelopathic 
effects reported under laboratory conditions could not be reproduced in field 
(Goodall et al., 2010). For example, allelopathic effect of Chromolaena in 
laboratory studies (Hoque et al., 2003) is not observed under natural conditions 
(Goodall et al., 2010). Dehydromatricaria ester (DME) produced by Solidago 
altissima inhibiting seedling development in rice in both agar and soil cultures 
could not be detected in soil water under natural conditions (Ito et al., 1998; 
Goodall et al., 2010). In view of this, it has been suggested that unless 
corroborated by field experiments, allelopathic effects from laboratory studies 
should not be accepted (Stowe, 1979; Foy 1999; Goodall et al., 2010). However, 
field validation unfortunately, is lacking for most of the allelopathy experiments. 
Notwithstanding this criticism, many studies make a strong case in favour of novel 
weapons hypothesis and allelopathy may indeed be a force structuring plant 
communities and an important component of plant invasions.  
 
Methodological limitation of studying impact of invasive alien plants on 
microbial diversity 
 
Although invasive plants cause major changes in the composition and 
function of soil communities, and affect soil C and nutrient dynamics significantly 
(Kourtev et al., 2002a; Ehrenfeld, 2003; Yelenik et al., 2004; Wolfe and 
Klironomos, 2005; Bohlen, 2006), most studies have focused on examining the 
impact on aboveground flora and fauna (Marchante et al., 2008). Many individual 
case studies have detailed population, community and ecosystem impacts of 
introduced organisms (Daehler and Strong, 1993; Simberloff, 1995; Parker et al., 
1999; Reinhart and Callaway, 2006), but only few have experimentally 
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investigated the influence of plant diversity on soil microorganisms (Bargett and 
Shine, 1999; Wardle et al., 1999; Stephan et al., 2000). This is mainly due to 
cryptic nature of soil microbes and the processes associated with them and the 
methodological limitations of their study (Li et al., 2006). Most microbial 
organisms are studied indirectly; many can be detected only through the presence 
of signature biomolecules. In addition, tools to characterize the composition of soil 
microbial communities at a resolution that can detect changes induced by plant 
invasions have only been recently developed. Moreover, the heterogeneous soil 
subsystem harbours immense diversity of life (Torsvik et al., 1990; 
Vandenkoornhuyse et al., 2002; Torsvik and Øvreås, 2002;
 
Torsvik et al., 2002; 
Nakatsu, 2007). Each gram of soil contains 10
9 
individual cells and 10
6
 distinct 
genera (Curtis and Sloan, 2005; Gans et al., 2005; Hirsch et al., 2010). One gram 
of soil contains as many as 10
10–1011 bacteria (Horner-Devine et al., 2003), 6,000–
50,000 bacterial species (Curtis et al., 2002), and up to 200m fungal hyphae 
(Leake et al., 2004; van der Heijden et al., 2008).  Of late, some highly sensitive 
and high throughput techniques have been developed to overcome the problems 
encountered in documenting the baffling diversity of soil microorganisms. Some 
of the methods commonly used to study soil microorganisms are briefly outlined 
and reviewed below:  
 
Culture-dependent techniques 
 
Traditional methods for assessing the diversity of soil communities involve 
incubating soil extracts on various sterile media that favour microbial growth. 
Organisms that grow on these media are identified using morphological or 
physiological traits (Wolfe and Klironomos, 2005). However, standard laboratory 
practices culture only 1% of the soil bacterial populations while 99% of them 
remain unknown (Staley and Konopka, 1985; Nakatsu, 2007). In wake of the huge 
gap between estimated and expected results, traditional culture-based methods of 
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studying soil microbial diversity have been replaced either by culture independent 
methods or by modified culture-based methods. 
 
Community-level physiological profile (CLPP) 
  
In CLPP bacterial species are identified on the basis of their ability to 
utilize different carbon sources. Commercial taxonomic system BIOLOG® has 
made CLPP very easy. It is therefore, being extensively used for the analysis of 
soil microbial communities (Garland and Mills, 1991; Winding, 1994; Zak et al., 
1994; Lehman et al., 1995; Garland, 1996a; Heuer and Smalla, 1997; Konopka et 
al., 1998; Hill et al., 2000; Waldrop et al., 2000; Widmer et al., 2001). It involves 
use of 95 different carbon sources as substrates (Garland and Mills, 1991). 
Substrate utilization in each of the BIOLOG® wells is detected by reduction of a 
tetrazolium dye which results in a colour change; the colour change is quantified 
spectrophotometrically. The rate at which colour develops in the wells is 
determined by initial inoculum density (108 cells ml
-1
 being ideal) (Garland and 
Mills, 1991; Haack et al., 1995). CLPP is believed to be highly sensitive to change 
in soil microbial community (Ramsey et al., 2006). Apart from original 
BIOLOG® approach, many new approaches are now used which include multiple 
substrate induced respiration–CO2 measurements (Degens, 1999), microtiter plate-
based CO2 measurement (Campbell et al., 2003) and microtiter based O2 
measurements (Garland et al., 2003).  
 
Community-level physiological profiles are useful in assessing gross 
functional diversity of microbes (Zak et al., 1994; Garland, 1996a; Campbell et al., 
1997) and have been successfully used to study changes in physiological functions 
of a microbial community associated with exotic plant invasion (Duda et al., 2003; 
Yu et al., 2005; Li et al., 2007). However, substrates found in commercially 
available BIOLOG® plates may not necessarily be ecologically relevant (Konopka 
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et al., 1998). On the other hand, biochemically diverse root exudates would be a 
better choice to elucidate the impact of various factors, including plant invasion on 
the microbial diversity (Campbell et al., 1997).  
 
Although CLPP provides useful information for assessment of soil 
microbial community diversity yet it suffers from several limitations. For example, 
colour development in each well is assumed to be solely determined by the 
proportion of organisms present in the sample able to utilize a particular substrate 
(Garland, 1997); however, some strains may utilize certain substrates more 
efficiently than others in the guild (Smalla et al., 1998). Samples dominated by 
only a few species capable of growing on particular substrates lead to inaccurate 
physiological profiles. Substrate utilization profile may also be biased by 
competition effects during microbial growth within the wells (Haack et al., 1995). 
Use of vital stains combined with epifluorescence microscopy has been suggested 
for standardizing inoculum density (Garland, 1996b) and avoiding false negatives. 
CLPP requires growth of microbes on carbon substrates in microtiter plates and 
many organisms present in soil may not grow in the wells, and also the organisms 
growing in the wells may not have been active in the soil (Ramsey et al., 2006). 
CLPP also loses sensitivity due to a bias towards under representing metabolic 
diversity since not all substrates catabolized by soil microbes are represented 
(Ramsey et al., 2006). 
 
Culture-dependent techniques may not be ideal for determining the 
composition of natural microbial communities but they furnish relevant 
information for understanding the growth habit, development, and functional 
potential of soil microorganisms. A complementary study involving both culture-
dependent and culture-independent techniques is likely to reveal a more complete 
picture of soil microbial communities (Liesack et al., 1997). 
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Culture independent methods  
 
To overcome the limitations inherent in the culture-based methods, 
microbiologists are now increasingly using biochemical and molecular markers to 
reveal the vast diversity of microbes inhabiting the soil. Some of the common 
culture-independent methods routinely followed in unravelling the diversity of soil 
microbes include:  
 
Fatty acid analysis 
 
Phospholipid Fatty Acids (PLFAs) are widely accepted as biomarkers that 
indicate viable microbial biomass and provide a microbial community 
‗fingerprint‘ (Vestal and White, 1989; Zelles, 1999). Lipids are particularly good 
at allowing differentiation between fungi and bacteria (Frostegard and Baath, 
1996; Bardgett and McAlister, 1999). Lipids usually make up less than 5% of the 
dry weight of bacteria (Lechevalier, 1977), and are both structurally and 
functionally diverse (Green and Scow, 2000). PLFAs are primarily components of 
cell membranes; generally their proportions do not vary much, and degrade rapidly 
with the death of a cell (Harvey et al., 1986; Zelles, 1999; Drenovsky et al., 2004; 
Malik et al., 2008). These do not occur in storage products or in dead cells (Hill et 
al., 2000).  
  
PLFA involves stepwise processes of extraction, saponification, 
methylation and analysis of PLFAs. The most widely used extraction solution for 
soil microbial lipids is the Bligh and Dyer‘s three-component mixture of methanol, 
chloroform, and water in the ratio of 2:1:0.8 (Bligh and Dyer, 1959). In a 
modification of the original Bligh and Dyer method, 50mM phosphate buffer is 
used in place of water for the extraction (White et al., 1979; White et al., 2009). 
This increases contact of methanol and chloroform with microbial cells (White et 
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al., 2009). Other modifications of original Bligh and Dyer method use different 
proportions of the basic components (methanol: chloroform: aqueous phase) 
adjusting the ratio to different levels e.g., 1:1:0.9. The procedure has also been 
expanded to include derivitization of the lipid extract to recover fatty acid methyl 
esters by mild alkaline hydrolysis in methanol (White et al., 1979; White et al., 
2009). The modified method has been demonstrated to effectively extract 
microbial lipids from aquifers (Green and Scow, 2000), sediment (White et al., 
1979), roots (Tunlid et al., 1989; Allison and Miller, 2005), and soils under 
different management and climatic conditions (Zelles et al., 1992; Frostegard et 
al., 1993; Pfiffner et al., 1997; Bossio and Scow, 1998; White and Ringelberg, 
1998; Chung and Alexander, 2002; Waldrop et al., 2000; Feng et al., 2003; 
McKinley et al., 2005; White et al., 2009). Physical disruption (Allison and Miller, 
2005), high pressure and temperature improve extraction efficiency in case of 
fungal cell walls which are more resistant to solvents than bacterial cell 
membranes (White et al., 2009). Pressurised liquid extraction (PLE) has been 
found to be effective in extracting PLFA from a variety of environmental samples, 
including soil and it substantially enhances higher eukaryotic PLFA extraction 
(Macnaughton et al., 1997; White et al., 2009). Use of PLE has been considered as 
a robust means of extracting soil microbial lipids; it improves recovery of amounts 
of both PLFA and neutral lipid fatty acids from certain soil samples with different 
physical and chemical propesrties (White et al., 2009). Fatty acids after extraction 
are converted into their sodium salts by saponification, which are methylated 
leading to their conversion into fatty acid methyl esters. Methylation of fatty acid 
increases their volatility during GC analysis. 
 
Total Fatty Acid Methyl Esters (FAMEs) can be extracted from 
environmental samples from both living and dead cells and from all categories of 
life forms. Total FAME analysis includes any lipid present, including PLFAs, 
which can be methylated. Phospholipid analysis yields fewer lipids, requires larger 
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sample sizes, and takes longer to carry out than total FAME analysis as the former 
involves separation and clean-up steps. Individual chromatographic peaks are 
easier to identify and verify in PLFA than in total FAME analysis. Overall, PLFA 
analysis is better suited to studies of viable organisms and provides a more reliable 
basis for inferences about community composition. Total FAME analysis is more 
useful for situations involving low biomass samples, a large number of samples, 
and for screening, rather than interpretation of differences (Green and Scow, 
2000). FAME obtained isolates are often identified using the Microbial 
Identification System (MIDI, Inc.).  
 
PLFA was demonstrated to be more sensitive than CLPP and a PCR-based 
method to changes in soil microbial community across a gradient of grassland 
management intensities (Grayston et al., 2004; Ramsey et al., 2006). It is an 
efficient means by which gross changes in microbial community structure can be 
profiled (Nannipieri et al., 2003; Malik et al., 2008) and accordingly has been used 
to study bacterial community structure in soils subjected to various stresses (Zelles 
et al., 1992; Hirsch et al., 2010). It has also been used as a sensitive indicator of 
changes in microbial communities in numerous plant invasion studies (Meyer, 
1994; Kourtev et al., 2002a, 2003; Batten et al., 2006; Li et al., 2006; Kulmatiski 
and Beard, 2008). 
 
While certain PLFAs can be used as biomarkers for specific populations 
(White and Ringelberg, 1998) (e.g.,  ergosterol serves as indicator of viable fungal 
biomass in soil as per Hirsch et al., 2010), the resolution of population level 
change within communities is coarse due to factors including, overlap in the PLFA 
composition of microorganisms, determination of signature PLFAs for specific 
microbes requires their isolation in pure culture and PLFA patterns for individual 
populations can vary in response to environmental stimuli. Moreover, extraction of 
PLFA from soil does not permit delineation down to species level. Therefore, 
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where population-level information is needed, PCR-based methods offer avenues 
for hypothesis testing not available through PLFA (Ramsey et al., 2006).  
 
Nucleic acid-based analyses 
 
Analysis of nucleic acids is one of the most informative and widely used 
methods in soil microbial ecology (Hill et al., 2000; Nakatsu, 2004). Nucleic acids 
are targeted directly or after PCR amplification of a specific gene to produce 
―fingerprints‖ of soil microbial community. Methods directly  analyzing  nucleic 
acids include DNA:DNA re-association
 
kinetics (Torsvik et al., 1990), nucleic acid 
hybridization
 
(Buckley et al., 1998), fluorescent in situ hybridization (Christensen 
et al., 1999;
 
Ravenschlag et al., 2000), microarrays (Rhee et al., 2004; Small et al., 
2001), 
 
and meta-genome sequence analysis (Handelsman, 2004; Nakatsu, 2007). 
PCR-based techniques may use simple PCR or multiplex PCR, the former uses a 
pair of primers in a single amplification reaction and the later uses multiple primer 
pairs simultaneously to amplify several genes in a single reaction (Markoulatos et 
al., 2002; Malik et al., 2008). Highly conserved 16S rRNA gene which is 
ubiquitous in all microorganisms is the most commonly used gene in microbial 
identification and diversity characterization studies (Olsen et al., 1986; Woese, 
1987; Pace, 1997; Watanabe, 2001; Malik et al., 2008). Its unique character of 
being enough conserved to enable design of PCR primers targeting different 
taxonomic groups and of being enough variable to provide phylogenetic 
comparisons of microbial communities has made it a favourite among 
microbiologists (Woese, 1987). 
 
The most
  
common PCR-dependent approaches are Denaturing Gradient 
Gel Electrophoresis (DGGE) (Muyzer et al., 1993),
 
Terminal-Restriction Fragment 
Length polymorphism (T-RFLP) (Liu et al., 1997), Amplified Ribosomal DNA 
Restriction Analysis (ARDRA), Ribosomal Intergenic Spacer Analysis (RISA) 
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(Ranjard et al., 2000)
 
or Automated Ribosomal Intergenic Spacer Analysis 
(ARISA) (Cardinale et al., 2004), Single Strand Conformational Polymorphism 
(SSCP) (Schwieger and Tebbe, 1998),
 
 and sequence
 
analysis of 16 rRNA gene 
clone libraries ( Olsen et al., 1986; Lane, 1991; Nakatsu, 2007). 
 
All of these 
methods have their strengths and weaknesses (Nakatsu, 2007) and different 
methods provide varied information and emphasise the need to make use of 
multiple methods to obtain a more complete
 
picture of microbial communities 
(Casamayor et al., 2002; Perkiomaki and Fritze, 2003; Joynt et al., 2006; Nakatsu, 
2007). However, cost, time and expertise involved influence the selection of a 
technique. In general, genetic fingerprinting techniques, such as DGGE,
 
T-RFLP 
and ARISA allow higher throughput and comparative
 
profiling of many samples at 
the same time thereby saving time and effort.   
Denaturing gradient gel electrophoresis (DGGE)  
PCR-DGGE is one of the most effective, high-throughput techniques used 
to estimate bacterial richness and microbial community structure in environmental 
samples (Gelsomino et al., 1999; Lorenzo et al., 2010; Zaady et al., 2010; Castillo-
Monroy et al., 2011). This technique was first used by medical research 
community for identification
 
of gene mutations (Borresen et al., 1988; Hovig et 
al., 1991; Fodde and Losekoot, 1994) and Muyzer et al. (1993) were the first 
to
 
adapt the use of PCR-DGGE for microbial community analysis. Communities 
with low diversity, such 
 
as deep-sea hydrothermal vents (Muyzer et al., 1995) and 
hot springs
 
(Ferris et al., 1996) were initially examined and later the method was 
extended to soil community analysis by a number
 
of research groups
 
(Heuer et al., 
1997; Kowalchuk et al., 1997a, 1997b; Duineveld et al., 1998; Jensen et al., 1998; 
Nakatsu, 2007).  
Unlike most commonly used electrophoresis methods which 
separate
 
nucleic acid fragments on the basis of their size, electrophoretic 
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separation of DNA in DGGE as originally described by Myers et al. (1987) is 
based on the sequence composition of the double-stranded DNA molecule (Hovig 
et al., 1991; Hirsch et al., 2010). The small (200-700bp) genomic fragments are 
run on a low to high denaturant gradient acrylamide gel. Initially the fragments 
move according to their molecular weight, but as they progress into higher 
denaturing conditions, DNA on the basis of its sequence composition begins to 
melt. Each DNA molecule melts cooperatively at its distinct melting temperature 
(Tm). Tm is defined by nucleotide sequence and even a single-base substitution is 
sufficient to alter it. The rate of mobility of DNA fragments changes as a 
consequence of the change in physical shape of the fragment. Partially melted 
fragments migrate much more slowly than double-stranded fragments. As the 
denaturing conditions become more extreme, DNA mobility is completely 
retarded causing it to form a band at a particular position in the gel within a very 
narrow range of denaturing conditions suited to its Tm. Fragment migration
 
is 
stabilized by adding a GC clamp (30-60bp) at the end of one of the PCR primers 
to prevent complete separation of the strands
 
(Sheffield et al., 1989). The 
denaturants used in DGGE are a fixed ratio of formamide (ranging from 0-40%) 
and urea (ranging from 0-7 M). In an analogous method called thermal gradient 
gel electrophoresis, temperature gradient is used (Lessa and Applebaum, 1993); 
however, temperature is practically more difficult to control making former the 
more favoured technique. The genetic profiles or fingerprints produced in DGGE 
gels represent the community structure,
 
with each band representing a population 
and intensity of the band representing the abundance of each population within the 
amplified community (Nakatsu, 2007). However, the fingerprint profiles are 
representative
 
of the proportion of PCR products which may not directly 
correlate
 
to the proportion of that population within the community (Chandler et 
al., 1997).  
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It is useful to have prior knowledge of the melting behaviour of the 
fragment under study to estimate the range of chemical denaturant required, for 
which the computer algorithm (Melt ‘87) developed by Lerman and Silverstein 
(1987) is quite useful. The chemical gradient most appropriate for the fragment is 
calculated as the Tm of the lowest melting domain ±10
o
C whereby 1
o
C is 
equivalent to 3% denaturant. 
Denaturing gradient gels are used to detect non-RFLP polymorphisms. 
Many fragments can be analyzed simultaneously on a single denaturing gel. 
Sequence differences are often easily detected in DNA fragments when nearly 
identical digests are electrophoresed in the same direction as that of the denaturing 
gradient. DGGE gels are also blotted to detect single base differences which may 
occur as frequently as every 400bp by using enzymes with 4-base recognition 
sites, such as AluI, HaeIII, HhaI, MspI, and RsaI. The samples after 
electrophoresis are blotted on to a nylon membrane. The blots are hybridized with 
a radioactive probe, washed, and exposed to X-ray film. Each lane is examined for 
fragments that have mobility shifts. PCR-DGGE approach
 
for soil community 
analysis has become increasingly popular among researchers as indicated by the 
steady increase in the number of publications using DGGE. Zhang et al. (2010) 
studied impact of Solidago canadensis invasion on soil microbial community 
using PCR-DGGE technique. The relative abundances of DNA of Glomus 
mosseae and Glomus geosporum in roots of native Kummerowia striata were 
found to change when it was grown in the soil conditioned by S. canadensis under 
both monoculture and mixed conditions. S. canadensis reduced the relative 
abundance of DNA of G. mosseae but increased that of G. geosporum in roots 
of K. striata compared to the initial AMF community in both monoculture and 
mixed conditions. PCR-DGGE technique brought to light the effect of population 
variation of invasive plants on the underground soil microbial community. For 
example, population variation in Spartina alterniflora in response to different 
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growing conditions in different geographic regions it has invaded was revealed to 
have significant effect on its rhizosphere bacterial diversity by use of this 
technique (Nie et al., 2010). In another study involving the use of PCR-DGGE it 
was found that invasion by Acacia dealbata in different ecosystem types 
influences soil bacterial and fungal communities while the bacterial richness was 
higher in invaded areas, fungal richness and diversity were lower. Grassland soil 
biota were more sensitive to invasion than shrubland and pine forest. Although 
significant differences were not observed, there was a tendency of increase in 
bacterial diversity in invaded soils in all the three ecosystems. This may be due to 
differences in original native soil biota communities present in three studied 
ecosystems (Lorenzo et al., 2010). 
 
 
Amplified Ribosomal DNA Restriction Analysis (ARDRA) 
 
ARDRA involves restriction digestion of PCR amplified 16S rRNA 
fragments using specific restriction enzymes (Vaneechoutte et al., 1993). The 
digestion product is subject to electrophoretic migration on a gel. The resulting 
community profile is then analyzed (Malik et al., 2008). ARDRA banding patterns 
can be used to screen clones or be used to measure bacterial community structure 
(Kirk et al., 2004). It is a simple, rapid and cost-effective technique. ARDRA is 
used both in microbial identification (Vaneechoutte et al., 1992, 1995; Kita-
Tsukamoto et al., 2006; Krizova et al., 2006) as well as microbial in community 
studies (Weidner et al., 1996; Gich et al., 2000; Bai et al., 2006; Malik et al., 
2008).  The choice of restriction enzyme in ARDRA highly influences the 
divergence of the community rRNA restriction pattern (Gich et al., 2000). To 
produce fingerprinting patterns characteristic of a microbial community, further 
optimization with restriction enzymes is required (Vaneechoutte et al., 1992; 
Spiegelman et al., 2005; Malik et al., 2008). In case of diverse communities, it 
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generates complex and difficult to analyse banding pattern (Kirk et al., 2004). 
Many researchers now use ARDRA in combination with T-RFLP and DGGE to 
characterize microbial communities (Watts et al., 2001; Haack et al., 2004; Malik 
et al., 2008).  
 
Terminal-restriction fragment length polymorphism (T-RFLP) 
  
T-RFLP makes use of variations in the positions of restriction sites among 
sequences (Malik et al., 2008). It is a modification of ARDRA. In T-RFLP PCR 
primers are fluorescently labelled and the resultant fluorescent products are 
visualised and quantified (Liu et al., 1997). Several different fluorescently labelled 
PCR targets can be run in the same reaction (multiplexing), to compare different 
groups like bacteria, fungi and archaea (Macdonald et al., 2008; Hirsch et al., 
2010). Each visible band represents a single operational taxonomic unit or 
ribotype (Tiedje et al., 1999). The length of fluorescently labelled terminal 
restriction fragments is determined by high-resolution gel electrophoresis 
connected to an automated DNA sequencer. The use of fluorescently tagged 
primers simplifies the banding pattern as it limits the analysis to only the terminal 
fragments of the digestion (Marsh, 1999; Malik et al., 2008). The complex 
communities are thus easily analyzed. It has been used to analyse microbial 
community composition of copper contaminated lake sediments (Konstantinidis et 
al., 2003), acidic uranium-contaminated aquifers (Reardon et al., 2004) and also 
for describing bacterial communities of polychlorinated biphenyl (PCB) 
contaminated soils (Fedi et al., 2005; Malik et al., 2008). The use of automated 
detection systems and capillary electrophoresis in T-RFLP analysis allows high 
throughput and more accurate quantitative analysis of microbial community 
samples than any of the genetic fingerprinting methods discussed here. T-RFLP 
has been reported to produce more reproducible results and has been found to be 
more suitable for comparing large numbers of samples (Smalla et al., 2007; Hirsch 
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et al., 2010). The method has been used in many invasion studies. For example, 
using T-RFLP technique Angeloni et al. (2006) while studying the impact of 
Typha glauca invasion on wetland nutrient levels and sediment microbial 
communities found shifts in total bacterial and denitrifier community composition 
and higher bacterial species richness in the T. gluaca invaded zone compared to 
that in the uninvaded zone in spite of the higher diversity of plant species in the 
uninvaded zone. The transition zone had bacterial communities intermediate 
between the invaded and uninvaded zones but showed bacterial species richness 
that was equivalent to that associated with Typha in the invaded zone. The authors 
also found higher richness of nirS genotype in the invaded community as 
compared to that in the uninvaded community. Denitrifier communities in the 
transition zone were intermediate in composition between the communities in the 
T. glauca invaded zone and the native (uninvaded) zone but showed nirS genotype 
richness levels that were equivalent to those in the Typha invaded zone.  
 
Despite the high resolution and sensitivity, T-RFLP like other PCR based 
methods suffers some drawbacks. Method of DNA extraction, PCR biases, choice 
of primers and restriction enzymes influence the outcome of results (Kirk et al., 
2004). T-RFLP assays being biased towards the numerically dominant organisms 
in the sample, generally underestimate biodiversity. On the other hand incomplete 
digestion of the PCR product could lead to an overestimation of diversity (Dunbar 
et al., 2000; Osborn et al., 2000; Malik et al., 2008). T-RFLP profiles generated by 
a single restriction enzyme in a complex microbial community may lead to 
erroneous conclusions about the abundance of a particular strain or species 
(Osborne et al., 2006). For the later reason, use of at least two to four restriction 
enzymes has been recommended (Tiedje et al., 1999).   
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Ribosomal Intergenic Spacer Analysis (RISA) 
 
RISA compares the length of the variable spacer regions separating the 
ribosomal genes (Fischer and Triplett, 1999; Danovaro et al., 2006; Hirsch et al., 
2010). The intergenic spacer region has both sequence and length (50–1500bp) 
variability which are determined by species (Ranjard et al., 2001) and hence 
facilitates taxonomic identification of organisms (Spiegelman et al., 2005; Malik 
et al., 2008). It has been used to distinguish different strains and closely related 
species of Staphylococcus (Mendoza et al., 1998; Bes et al., 2002), Bacillus 
(Bourque et al., 1995; Daffonchio et al., 2003), Vibrio (Chun et al., 2002; Ghatak 
et al., 2005) and other medically important microorganisms (Malik et al., 2008). In 
environmental studies, RISA has been used to detect microbial populations 
involved in the degradation of polycyclic aromatic hydrocarbons (Eriksson et al., 
2003) and to define microbial diversity and community composition in freshwater 
environments (Fischer and Triplett, 1999; Malik et al., 2008). However, 
application of RISA in microbial community analysis is limited partly due to the 
narrow database for ribosomal intergenic spacer sequences as compared to the 16S 
sequence database (Spiegelman et al., 2005). Furthermore, RISA sequence 
variability may be too great for environmental applications. Its level of taxonomic 
resolution is greater than 16S rRNA and hence may lead to very complex 
community profiles (Spiegelman et al., 2005; Malik et al., 2008). 
 
Single-Strand Conformation Polymorphism (SSCP) 
 
SSCP is the electrophoretic separation of single-stranded nucleic acids 
based on sequence differences, often as small as a single base pair.  Small changes 
due to sequence variation are noticeable because of the relatively unstable nature 
of single-stranded DNA which undergoes intra-strand base pairing, resulting in 
loops and folds that give it a unique 3-dimensional structure. A single nucleotide 
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change could dramatically affect the intra-strand base pairing and the resultant 3-
dimensional conformation, altering the mobility of DNA through the gel (Lee et 
al., 1996; Melcher, 2000).  Single-strand conformation polymorphism analysis 
was first announced as a new means of detecting DNA polymorphisms, or 
sequence variations in 1989 (Orita et al., 1989). SSCP analysis offers an 
inexpensive, convenient, and sensitive method for determining genetic variation 
(Sunnucks et al., 2000). Like RFLPs, SSCPs are allelic variants of inherited, 
genetic traits that can be used as genetic markers.  Unlike RFLP analysis, SSCP 
analysis, however, can detect DNA polymorphisms and mutations at multiple 
places in a fragment (Orita et al., 1989).  But SSCP is more commonly used to 
analyze the polymorphisms at single loci, especially in medical diagnoses 
(Sunnucks et al., 2000). The technique has been used to study rhizosphere 
communities (Schwieger and Tebbe, 1998; Schmalenberger et al., 2001), bacterial 
population changes in an anaerobic bioreactor (Zumstein et al., 2000), AMF 
species in roots (Simon et al., 1993; Kjøller and Rosendahl, 2000), succession of 
bacterial communities (Peters et al., 2000) and in studying overall bacterial and 
fungal community diversity (Peters et al., 2000; Stach et al., 2001). SSCP like T-
RFLP involves digestion of genomic DNA with restriction endonucleases. 
However, restriction is followed by denaturation in an alkaline solution. The 
denatured (single stranded) DNA is migrated on a neutral polyacrylamide gel, 
transferred to a nylon membrane and hybridized with a DNA or an RNA probe 
(Orita et al., 1989).   SSCP does not require GC-clamping of DNA or the 
construction of gradient gels but has the limitations like DGGE; also some single-
stranded DNA can form more than one stable conformations making one sequence 
to form more than one band in a gel (Tiedje et al., 1999; Kirk et al., 2004).  
 
Notwithstanding their limitations, molecular methods using rDNA 
approach have provided a new dimension to the study of soil microbial ecology, 
particularly for assessing community diversity. These methods can also be applied 
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to investigate the structure of specific communities if genes diagnostic for those 
communities are known and sufficient information to design primers that 
recognize conserved sequences flanking the variable regions is available (Hirsch et 
al., 2010). Of the three general strategies (CLPP, PLFA and rDNA analysis) for 
detecting soil microbial community changes, PCR-based methods are used in a 
higher proportion of studies than PLFA or CLPP probably because PCR-based 
methods offer the greatest potential for characterization of underlying population 
level changes (Ramsey et al., 2006).  
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Study area 
orth-western extreme of the Himalayan biodiversity hotspot 
embosoms picturesque south Asian region of Kashmir 
Himalaya. The region has an area of about 15, 948 km
2
 lying 
between coordinates of 32
0 20ʹ to 340 50ʹ North latitude and 730 55ʹ to 750 35ʹ East 
longitude (Hussain, 2002). The Pir Panjal range of Lesser Himalaya in the south 
and south-west and Zanskar range of the Greater Himalaya in the north and north-
east border the deep elliptical bowl-shaped valley of Kashmir. 64% of the total 
land area here is mountainous. While Srinagar lies at an altitude of 1,600m above 
sea level (amsl), the highest peak among the mountains surrounding the valley is 
that of the ‗Kolahoi‘ with an altitude of 5,420m (amsl). Climate of the region, 
marked by well-defined seasonality, resembles that of mountainous and 
continental parts of the temperate latitudes. The temperature ranges from an 
average daily maximum of 31
0
C and minimum of 15
0
C during summer to an 
average daily maximum of 4
0
C and minimum of –40C during winter. It receives 
annual precipitation of about 1,050 mm, mostly in the form of snow during the 
winter.  
Alien flora constitutes 29% of the total flora of Kashmir Himalaya. It is 
represented by 571 plant species, belonging to 352 genera in 104 families (Khuroo 
et al., 2007). Poaceae, Asteraceae and Brassicaceae are represented by 60, 54 and 
30 alien species, respectively and are the dominant families. However, 
Amaranthaceae and Chenopodiacae have higher percentage (83% and 71%, 
respectively) of alien members relative to the total number of plant species in each 
family in the region. Most of the alien plant species in Kashmir Himalaya have 
European origin including about 38% species. Proportion of alien plant species of 
Asia and Africa origin in the Kashmir Himalaya is 27% and 15%, respectively. 
135 alien species that are under cultivation for a long time have not escaped into 
the wild. Excluding these, the number of alien species belonging to invasion stages 
N 
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II, III, IVa, IVb and V is 119, 107, 56, 77 and 77 respectively out of the total of 
436 alien invasive plant species (Khuroo et al., 2008).     
Study sites 
The study sites as dictated by the choice of the habitat of the study species 
were highly diverse, ranging from natural through semi-natural to ruderal habitats 
especially in case of asterous members. In case of Sambucus the preferred habitat 
was the coniferous forests of Kashmir, this species is a cause of concern in view of 
the importance of forest ecosystems here. General characteristics of the three study 
sites for each of the study species are tabulated below (Table 3.1), followed by 
chemical characteristics of each site (Tables 3.2, 3.3 and 3.4): 
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Table 3.1: General characteristics of the study sites. 
Sampling 
location 
Plant 
sampled 
Habitat 
type 
Latitude Longitude Altitude 
(masl) 
Mirzabagh Anthemis 
cotula +  
Conyza 
canadensis 
Dry, 
exposed, 
moderately 
disturbed 
34
o
-5′ 74o-50′ 1586 
Hazratbal 
(University 
campus 1) 
C. 
canadensis 
Dry, 
protected 
34
o
-7′ 74o-49′ 1584 
Hazratbal 
(University 
campus 2) 
C. 
canadensis 
Moist, 
protected 
34
o
-5′ 74o-50′ 1584 
Foreshore  A. cotula Open, moist 34
o
-08′ 74o-50′ 1590 
Bemina A. cotula Open, dry 
disturbed 
34
o
-04′ 74o-46′ 1582 
Gulmarg  Sambucus 
wightiana  
Open slope 34
o
-02′ 74o-23′ 2,690 
Naranag  S. wightiana Open slope 34
o
-18′ 74o-52′ 2,029 
Sonamarg  S. wightiana Open plain 34
o
-20′ 74o-20′ 2,740 
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Table 3.2: Chemical characteristics of the three study sites of Conyza canadensis. 
Chemical 
characteristics 
SI (Mirzabagh) SII (University 
Campus 1) 
SIII (University 
Campus 2) 
 Conyza 
canadensis 
Control C. 
canadensis 
Control C. 
canadensis 
Control 
pH 7.9 7.5 8.1 7.5 8.0 7.9 
E.C (dSm
-1
) 0.275 0.315 0.231 0.175 0.136 0.172 
O.C (%) 3.29 2.55 2.29 2.35 3.31 3.33 
N ppm 258.3 259.2 233.1 233.5 259.4 259.0 
P ppm 4.41 4.13 6.29 5.72 6.91 6.23 
K ppm 102.83 101.92 67.24 64.59 72.21 72.41 
Cu ppm 4.892 4.814 2.574 2.574 3.352 4.132 
Fe ppm 7.46 8.97 11.34 11.09 10.98 10.03 
Mn ppm 23.58 24.40 18.32 19.60 32.66 30.0 
Zn ppm 4.987 5.321 5.180 5.876 5.453 4.985 
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Table 3.3: Chemical characteristics of the three study sites of Sambucus 
wightiana. 
 
Chemical 
characteristics 
SI (Gulmarg) SII (Naranaag) SIII (Sonamarg) 
 Sambucus 
wightiana 
Control S. wightiana Control S. 
wightiana 
Control 
pH 6.6 6.9 6.1 6.4 6.5 6.2 
E.C (dSm
-1
) 0.278 0.198 0.299 0.275 0.165 0.163 
O.C (%) 3.53 3.33 4.3 3.70 3. 25 3.30 
N ppm 357.9 359.5 378.5 379.9 366.9 368.6 
P ppm 3.32 3.4 3.9 4.1 4.5 4.1 
K ppm 84.98 85.43 75.47 77.49 80.02 83.14 
Cu ppm 5.126 5.592 4.653 4.068 3.452 3.002 
Fe ppm 14.91 14.00 17.18 15.82 22.76 24.63 
Mn ppm 31.87 34.57 46.24 49.96 37.93 33.89 
Zn ppm 8.719 7.993 6.876 7.432 9.321 10.07 
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Table 3.4: Chemical characteristics of the three study sites of Anthemis cotula. 
Chemical 
characteristics 
SI (Bemina) SII 
(Mirzabagh) 
SIII (Foreshore) 
 Anthemis 
cotula 
Control A. 
cotula 
Control A. 
cotula 
Control 
pH 7.61 7.338 7.98 7.25 7.89 7.87 
E. C (dSm
-1
) 0.136 0.295 0.263 0.319 0.277 0.310 
O. C (%) 1.59 1.24 3.33 2.60 3.12 2.95 
N ppm 243.7 246.5 258.3 259.2 233.2 229.6 
P ppm 5.79 3.60 4.12 4.37 3.35 3.86 
K ppm 41.48 39.14 101.83 112.02 123.33 130.03 
Cu ppm 3.470 3.664 4.112 4.014 2.632 2.280 
Fe ppm 11.72 13.08 7.620 7.160 10.35 11.5 
Mn ppm 35.0 24.87 28.15 30.61 27.33 24.46 
Zn ppm 4.990 6.430 5.940 5.820 1.540 1.280 
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The soil characteristics were determined using following assay methods: 
pH 
pH was determined using a portable pH meter (pH 97WP milwaukee) in a 
1:5 soil water suspension. Briefly 20g soil was placed in a beaker containing 80ml 
deionised water, the beaker was shaken for half an hour and the pre-calibrated pH 
meter was put into the soil suspension to note the pH value. 
Electric conductivity (EC)  
Electrical conductivity, a measure of the ionic transport in a solution 
between the anode and cathode is normally considered to be a measurement of the 
dissolved salts in a solution. EC was determined as follows:  
20g soil was taken in 250ml Erlenmeyer flask and 50ml of deionised water 
was added to it. The flasks were stoppered and shaken on a reciprocating shaker 
for 30 minutes. Resulting soil suspension was filtered through Whatman No. 1 
filter paper. The conductivity meter adjusted to read 1.412 dSm
-1
 in 0.01M KCl 
solution at 25°C was used to determine EC value of soil samples. Alternatively the 
supernatant of soil water suspension used for pH determination kept overnight can 
be used to determine soil EC. 
Organic carbon  
Soil organic carbon was determined using Walkley and Black‘s rapid 
titration method (Walkley and Black, 1934).  
Procedure  
1g soil was weighed in a 500ml Erlenmeyer flask to which 10ml of 
0.1667M K2Cr2O7 solution and 20ml of concentrated H2SO4 containing Ag2SO4 
were added. The contents were mixed thoroughly and the flasks were allowed to 
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stand for 30 minutes. The reaction mixture in the flasks was diluted by adding 
200ml of deionised water and 10ml of concentrated H3PO4. 10ml of sodium 
fluoride solution and 2ml of diphenylamine indicator were then added. The 
unreduced dichromate was determined by back titration with 0.5M FeSO4 solution 
till end point marked by change in colour from violet-blue to brilliant green was 
reached. The blanks without soil were prepared for each soil type and the 
percentage organic C was calculated as: 
    10 (B-S) × 0.003 × 100 
         W × B 
where: 
B = volume FeSO4 solution consumed by blank 
S= volume of FeSO4 solution consumed by soil sample 
W= weight of the soil sample 
0.003 = weight of C (1000 ml 0.1667 M K2Cr2O7 = 3 g C. Thus, 1 ml 0.1667 M  
K2Cr2O7 = 0.003 g C). 
 
Available nitrogen  
Soil available nitrogen was determined after Subbiah and Asija (1956). 
Protocol followed is briefly underlined below: 
Procedure 
10g air-dried and powdered soil was taken in a Kjeldahl's flask to which 
100 ml each of 0.32% KMnO4 and 2.5% NaOH solutions were added. The mixture 
was distilled after adding 2 ml liquid paraffin and some glass beads to it. 75 ml 
distillate was collected in a flask containing 25 ml 0.01M H2SO4 and a few drops 
of methyl red indicator. The distillate was then titrated to a colorless end point 
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with 0.02M NaOH. The amount of available nitrogen in soil was determined as 
follows: 
Available nitrogen (mg/100 g soil) = (25 – vol. of 0.02M  NaOH consumed 
in titration) × 2.8 
Available phosphorus 
Soil available phosphorus was determined after Olsen et al. (1954) and 
Jackson (1973). Protocol followed is briefly underlined below: 
2.5g of sample soil were weighed into a 250ml shaking bottle to which a 
pinch of Darco-G or activated charcoal (phosphorus free) and 50ml of extractant 
solution (0.5M sodium bicarbonate, pH 8.5) were added. The contents were 
shaken for 30 minutes and filtered through Whatman No. 42 filter paper. 5ml of 
soil extract was transferred to 25ml volumetric flasks and 5ml of 1.5% ammonium 
molybdate was added to it. The flasks were shaken to remove CO2. The blue 
colour developed due to addition of 1ml of 1:66 diluted 40% SnCl2 was measured 
spectrophotometrically at 660nm. The amount of available phosphorus was 
determined by reference to a calibration curve prepared using standards containing 
0, 0.4, 0.8, 1.2, 1.6 and 2.0ppm P. 
Available potassium 
 Available potassium was determined after Toth and Prince (1949). The 
procedure followed is as under: 
25ml of the 1M ammonium acetate pH 7.0 were added to a conical flask 
fixed in a wooden rack containing 5g of soil sample. The flasks were shaken for 5 
minutes and the contents filtered. The potassium content in the filtrate was 
determined using flame photometer set up by atomizing 0 and 20μg Kml-1 
solutions alternatively to readings of 0 and 100. The amount of available 
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potassium was determined by reference to a calibration curve prepared using 
standards containing 0, 5, 10, 15 and 20ppm K. 
Micronutrients (Cu, Fe, Mn and Zn):  
Available micronutrients were determined according to Lindsay and 
Norvell (1978). The procedure followed is as under:  
10g of soil were weighed in a 100ml conical flask to which 20ml of DTPA 
(Diethyline-triamine-penta acetic acid solution) extractant were added. The flasks 
were shaken for 2hrs on a mechanical shaker. The contents were filtered through 
Whatman No. 42 filter paper and Cu, Fe, Mn and Zn in filtrate were measured the 
by Atomic Absorption Spectrophotometer (AAS). 
Study species 
The present study was carried out on three alien invasive plant species. 
Two species, namely Conyza canadensis (L.) Cronq. and Anthemis cotula L. 
belong to Asteraceae and the third species was Sambucus wightiana Wall. ex Wt. 
and Arn. which belongs to Adoxaceae. It was formerly placed in the honeysuckle 
family, Caprifoliaceae, but was reclassified due to genetic evidence. Some of the 
important characteristics of these species are tabulated (Table 3.5) below: 
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Table 3.5: Important characteristics of the three study species. 
Plant  Conyza canadensis Sambucus wightiana Anthemis cotula 
Common 
Name 
Horseweed/ Canada 
fleabane 
Kashmir elder Chamomile, 
stinking mayweed 
Family  Asteraceae Adoxaceae Asteraceae 
Place of 
origin 
North America Africa and Asia 
(excluding Indian 
subcontinent) 
southern Europe-
west Siberia 
Range of 
occurrence  
1600-2500masl 2000-3000masl 1600-2800masl 
Allelopathic 
potential  
Known allelopathic - Known allelopathic 
Active 
principle 
Sphingolipids 1 and 2, b-
sitosterol , b-sitosterol 3, 
stigmasterol 4,  
3- O-b-d-glucoside 5, 
harmine 6  
aromatic carboxylic acids 
- Glycoside and 
terpenoid  
derivatives  
Seed output  200,000 achenes per 
plant 
- 2,500-2,50,000 
achenes per plant 
Vegetative 
reproduction  
- Perennial root stock - 
AMF status  Arum type (%RLC,70) Intermediate type 
(%RLC 43) 
Arum type (%RLC, 
88) 
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Morphological description of the study species 
Conyza canadensis (L.) Cronq.  (Fig. 3.1) is an annual herb, 10 - 180cm 
tall. Root is short, tap root with a secondary fibrous system. Seedlings develop a 
basal rosette which deteriorates after stem begins to elongate. Leaves are 4 inches 
long, 10mm wide, alternate, linear, hairy, entire or more often toothed, crowded 
along the stem, and become progressively smaller up the stem. Flower heads are 
small inconspicuous and occur at the top of the central stem. Individual flowers 
are 5mm in diameter with white or slightly pink ray flowers and yellow disk 
flowers. 1mm long achene, tapered from the base to the apex with many small 
white bristles to help in wind dispersal represents the fruit. 
Sambucus wightiana Wall. ex Wt. and Arn. (Fig. 3.2) is somewhat a 
woody herb growing up to 1 -11.5m tall with green stems and a perennial 
rootstock. Leaves are compound, unequally pinnate, 15 - 30cm long with 5 - 9 
lance-shaped, sharply toothed, long and pointed leaflets. Flower 3mm across, 
white or yellowish-white in color, with 5 spreading petals and protruding 
stamens borne in flat-topped clusters 5 - 10cm across. Stipules are leaf-like, 
toothed. Fruit is a round orange-red berry, 4 - 5mm across, turning black when 
ripe. 
Anthemis cotula L. (Fig. 3.3) is an annual bushy branched herb, 15 to 
60cm tall.  Root is tap, fibrous. The flowers are strong-scented, with a 
disagreeable smell. Leaves are short pinnatisect with narrowly linear dark-green 
lobules. Capitula are 1.2 - 3cm across. The receptacle is conical; phyllaries are 
bristle-like, and shorter than the disk florets, which are flat. Ray florets are white 
and disc florets yellow in color. The fruit, an achene, is strongly ribbed on the 
back.  
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Snapshots of invasion by three study species 
 
 
 
Figure 3.1 Conyza canadensis 
 
 
Figure 3.2 Sambucus wightiana 
 
 
Figure 3.3 Anthemis cotula 
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Distribution 
 
C. canadensis, native to North America (Cronquist, 1943; Frankton and 
Mulligan, 1987), is a cosmopolitan species distributed globally in abandoned 
fields, roadsides, waste areas (Buhler, 1992; Weaver, 2001) and in high organic 
matter soils (Leroux et al., 1996). However, the species is not as widespread as 
once thought (Holm et al., 1997) as low seed production and low invasive 
potential has been reported at 52N latitude i.e., near the northern limits of its 
distribution range in Canada (Archibold, 1981). However, it is widespread 
throughout the United States, western Europe and around the Mediterranean Basin 
(Thebaud and Abbott, 1995) and occurs throughout Australia and Japan (Holm et 
al., 1997). The species is considered to be most naturalised plant of American 
origin in Europe (Frankton and Mulligan, 1987) where it has become one of the 
most abundant species after its initial introduction some 350 years ago (Thebaud 
and Abbott, 1995). It has been listed as one of the six earliest and most abundant 
weed species to colonize sites in London disturbed by bombing during World War 
II (Salisbury, 1942). In the valley of Kashmir the plant is found mostly in ruderal 
(disturbed habitats) habitats in the altitudinal range of 1600 -2500masl (Khuroo et 
al., 2007).  
S. wightiana is native to Africa and Asia (excluding Indian subcontinent). 
It occurs in temperate-to-subtropical regions of both the Northern and 
the Southern Hemispheres. However, it is more widespread in the Northern 
Hemisphere while in the Southern Hemisphere it is restricted to parts 
of Australia and South America. The species occurs in Afghanistan, Pakistan and 
the inner Himalayan ranges in India from 2000 - 3000masl.  
A. cotula, native to southern Europe-west Siberia, is presently considered 
to be a cosmopolitan species (Erneberg, 1999). It has spread to most parts of 
Europe northwards to Finland, Norway and Sweden and southwards to the Atlas 
Ph. D Thesis 
 
82 
 
Mountains (Pedersen, 1961). It is commonly found along roadsides and in poorly 
managed pastures in the U.S. (Smith, 1987) and is becoming increasingly 
problematic in cropping systems in the Pacific Northwest (Gealy et al., 1994). The 
species has also been recorded from the South-Coastal and Interior Boreal eco-
geographic regions of Alaska (Hultén, 1968; Welsh, 1974; AK Weed Database, 
2004; UAM, 2004). The species, in Kashmir Himalaya, occupies most of the 
ruderal habitats in the altitudinal range of 1600 - 2800masl. 
Soil sampling   
Soil was sampled from three sites (Site I, Site II and Site III). Within each 
site invaded and comparable uninvaded (control) patches were located. Soil was 
sampled at three stages of plant development viz. pre-flowering, flowering and 
post-flowering. Sampling technique was maintained constant for all the three 
species. Replicate soil cores (3cm diameter) from a depth of about 10cm were 
drawn from invaded and uninvaded (control) patches from each of the study sites 
in respect of all the three species. The soil from the replicate cores was mixed to 
constitute a composite sample. The composite samples on each sampling period in 
respect of each species were sieved through 2mm sieve to remove the debris and 
other unwanted matter. Till analysis was done the soil was stored at 4
0
C. The 
functional analysis of the sampled soil was carried out in the Biological Invasions 
Research Laboratory in the Department of Botany, University of Kashmir, India 
and the structural analysis involving molecular biology techniques was carried out 
at the Molecular Biology Research Laboratory Department of Forestry, University 
Laval Quebec, Canada.  
Soil microbial structure 
Soil microbial structure (species composition) was analysed through 
conventional and molecular methods which are described below.    
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Conventional method 
To evaluate the effect of invasion on colony forming units of fungi and 
bacteria, 1g air dried soil was placed in a sterilized 100ml volumetric flask to 
which sterile water was added up to the mark. The flasks were vigorously shaken 
to mix the contents thoroughly. These samples were serially diluted to obtain 
solutions of different dilutions (Figure 3.4). 
Plate counts of culturable bacteria (actinomycetes were counted with 
bacteria) were made on nutrient agar medium and that of fungi on Martin‘s Rose 
Bengal agar medium (see Appendix I for the composition of nutrient media). 
Plates were inoculated aseptically with 1ml aliquots of each of the test dilutions to 
find out the dilution suitable for counting. Three plates were inoculated with 1ml 
of the appropriate dilution in each case, bacteria as well as fungi, using pour plate 
technique. The inoculated plates were incubated at 25±1
0
C for 4 days in case of 
bacteria and 10 days in case of fungi in a BOD incubator. Plates containing media 
only served as control.  
Glassware used was dry sterilized at 110
0
C for 24h in a hot air oven, while 
as media used were wet sterilized in an autoclave at 121
0
C at 15lb pressure for 15-
20 min and cooled to pouring temperature of 48
0
C before use. 
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                                               10 ml                      10ml                        10 ml 
                                               
 
 
                                  (a)   1ml                (b)  1 ml                (c)   1 ml                 (d)  1ml               
                         0.01g (10mg)      0.001g (1mg)      0.0001g (0.01mg)    0.00001g 
(0.01mg) 
 
a) 100 ml contains 1 g product. 
10 ml contains 0.1 g product. 
1 ml contains 0.01 g product. 
 
b) 10 ml pipetted over from (a) contains 0.1 g product. 
Therefore 100 ml (b) contains 0.1 g product. 
10 ml (b) contains 0.01 g product.  
1 ml (b) contains 0.001 g product. 
 
c)         10 ml pipetted over from (b) contains 0.01 g product. 
Therefore, 100 ml (c) contains 0.01 g product. 
10 ml (c) contains 0.001 g product. 
1 ml (c) contains 0.0001 g product. 
 
d) 10 ml pipetted over from (c) contains 0.001 g of product. 
Therefore, 100 ml (d) contains 0.001 g product. 
10 ml (d) contains 0.0001 g product. 
1 ml (d) contains 0.00001 g product. 
 
Figure 3.4: Serial dilution technique used for soil samples. 
 
 
Soil 1g 
fresh 
weight 
 
99 ml H2O              
 
90 ml H2O              
 
90 ml H2O              
 
90 ml H2O              
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Molecular method 
DNA extraction 
DNA was extracted from 0.25g of soil using MoBio PowerSoil
®
 DNA 
Isolation Kit following manufacturer‘s protocol. The concentration of DNA in the 
extract was quantified on an agarose gel (Plate 1). Part of the extract was stored at 
-80
0
C to serve as backup and the rest was used for experimental manipulations, 
standardization of the PCR and denaturing gradient gel electrophoresis techniques. 
Table 3.6: Groups of the soil microbial community targeted and primers used for 
the purpose. 
Group analysed  Gene 
targeted 
 Length of 
the fragment 
(approx.) 
Primer 
combination 
Reference/s 
Bacteria  16S rRNA 549bp 358f and 907r Muyzer et al. 
(1993) and Lane 
et al. (1985) 
Fungi  
(Ascomycetes) 
18S rRNA 700bp ITS1 and 
ITS4A 
Gardes and Bruns 
(1993) and  White 
et al. (1990) 
Fungi 
(Basidiomycetes) 
18S rRNA 700bp ITS1F and 
ITS4B 
Gardes and Bruns, 
(1993) 
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For amplifying bacterial 16S rRNA gene, universal bacterial primers 907r 
(Lane et al., 1985) and 358f (Muyzer et al., 1993) were used, GC- clamp was 
appended to forward primer i.e., 358f. General eukaryotic primer ITS1 (White et 
al., 1990) in combination with ITS4A specific for Ascomyceteous fungi (Gardes 
and Bruns, 1993) were used for targeting Ascomycete community in the C. 
canadensis invaded patches and their respective uninvaded (control) patches . In 
case of S. wightiana both Asco- as well as Basidiomycete communities were 
studied using general eukaryotic primer ITS1 in combination with ITS4A for the 
former fungal group and ITS1F in combination with ITS4B (Gardes and Bruns, 
1993) for the latter one. The GC- clamped versions of ITS1 and ITS1F were used 
to stabilize migration of PCR amplicons in DGGE gel.  
 
Reaction mixture for bacterial PCR 
 
PCR reaction for bacterial amplification was run in final volume of 16µl. 
Each 16µl reaction mixture contained 1x reaction buffer, 1.25mM MgCl2 (Roche 
Applied Science) 0.2mM dNTPs (GE Healthcare), 0.3mM each of the two primers 
(907r-GC and 358f) (Invitrogen), 400ng Non-acetylated BSA (New England 
Bioloabs) TaqDNA polymerase (Feldan Bio) 0.025 u per µl reaction mixture 
(Plate 1). 
 
Reaction mixture for fungal PCR  
 
PCR reaction was carried out in final volume of 15 µl. Each 15µl reaction 
mixture contained 1x reaction buffer (Feldan Bio), 0.25x BS (Feldan Bio), 0.2mM 
dNTPs (GE Healthcare) 0.5µl each of the two primers ITS1-GC, ITS4A/ ITS1F-
GC, ITS4B (Invitrogen), 1µl DNA  template and 1u per reaction of taqDNA 
polymerase (Feldan Bio) (Plate 2). 
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PCR cycle for bacteria 
 
PCR for bacteria was carried out at following conditions: initial 
denaturation at 94 
0
C for 5 minutes, followed by 94
0
C for 1 minute; 55
0
C for 1 
minute; 72
0
C for 3 minutes and final elongation at 72
0
C for 10 minutes pause at 
4
0
C. 25 PCR cycles were run for amplification in Eppendorf Master Cycle 
EpGradient S thermal cycler. The amplification products were quantified using 
Gene Tools software from SYNGENE. 
                            
PCR cycle for fungi 
 
Touchdown PCR was used both for Asco- as well as Basidiomycete 
specific fungal primers with the following cycling conditions: 94
0
C for 4 minutes; 
94
0
C for 1 minute; 59
0
C for 1 minute; 72
0
C for 1 minute with 0.5
0
C decrease in 
every cycle for 10 cycles, followed by 94
0
C for 1 minute 54
0
C for 1 minute 72
0
C 
for 1 minute pause at 4
0
C. Annealing temperature (step 3) was changed to 60
0
C 
while working with ITS1 and ITS4A primer combination. The reaction was 
carried out in MJ Research PTC-225 Peltier Thermo Cycler. 
 
Denaturing gradient gel electrophoresis (DGGE) 
  
Following PCR, the amplification products were loaded on to a DGGE gel 
using Decode system (Bio-Rad laboratories Inc.).  
 
8% (v/v) vertical polyacrylamide gel one-mm in thickness was prepared 
using a gradient maker from Bio-Rad Laboratories Inc. A mixture of 7M urea and 
40% formamide was defined as 100% denaturant (Muyzer et al., 1993). 15µl of 
the PCR product containing 500ng of amplified DNA and 3µl of bromophenol 
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blue was loaded to the gel using capillary pipette tips. Bacterial DNA amplified 
using 907r and 358f primer pair in either case (Conyza canadensis as well as 
Sambucus wightiana) was run on a denaturing gradient of 30-70% for 16h at 80V 
and 60
0
C in 1x TAE. DNA from C. canadensis soil amplified with ITS1 and 
ITS4A primers was run on denaturing gradient of 35 – 50% and that from S. 
wightiana amplified with ITS1F and ITS4B primer pair was run on gradient of 35 
- 65% while as a gradient of 30 - 50% was used to run DNA amplified with ITS4A 
and ITS1 combination. Gel strength, run time, run temperature and voltage 
remained constant in all the cases. Migration patterns were visualised by staining 
the gel with 1:10,000 (v/v) SYBR Gold (Invitrogen) in 1x TAE for 30 min 
followed by de-staining for the same period on a wavedancer. Images were 
documented under UV transillumination with the Gel Doc System (Bio-Rad 
Laboratories Inc.), and pictures were analysed. Yellow pipette tips were used to 
prick bands on gel. To avoid cross contamination of the bands, tips were placed in 
PCR tubes containing 5µl Gibco water only after a single contact with gel and the 
PCR tubes with an overlying cellophane sheet were put at 4
0
C overnight. The 
following day, a pipette was used to mix the contents by sucking the liquid into 
and out of yellow tips into the PCR tube. The empty tips were then discarded and 
1µl water from the PCR tubes was used to run a second PCR cycle. 
 
The specifications for second PCR cycle in case of fungi were initial 
denaturation at 94
0
C for 4 minutes; 94
0
C for 1minute; 58
0
C for 1 minute; 72
0
C for 
1 minute; 30 cycles, 72
0
C for 10 minutes; pause at 4
0
C. PCR conditions for second 
amplification cycle in case of bacteria remained unchanged as also the DNA 
extraction from the DGGE gel (band pricking). Primers used for the second PCR 
(re-amplification) cycle in case of both, fungi as well as bacteria were without GC 
clamps. The amplification products were quantified using Gene Tools software 
from SYNGENE and 10µl of amplification product containing 5ng of amplicon 
was sent for sequencing to https://www.bioinfo.ulaval.ca/otrs/customer.pl. The 
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sequences were submitted to NCBI for BLAST at: 
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Nucleotides&PROGRAM=blastn&
MEGABLAST=on&BLAST_PROGRAMS=megaBlast&PAGE_TYPE=BlastSear
ch&SHOW_DEFAULTS=on&LINK_LOC=blasthome. After BLAST phylogetic 
trees (Plates 4-8) were constructed to know the relatedness among the sequences 
using MEGA software (version 5). 
Soil functional analysis 
Microbial biomass  
Soil microbial biomass carbon is considered as the most dynamic and labile 
component of soil organic carbon (Brendecke et al., 1993). The rapid turnover and 
often fast activity of soil microbial biomass influences quality as well as 
characteristics of soil. Microbial biomass measurement has been used as indicator 
of early changes in soil organic matter content (Costantini et al., 1996; Cosentino 
et al., 1998). Several methods have been used to measure soil microbial biomass, 
viz. direct counting (Paul and Johnson, 1977; Sonderstrom, 1977; Grisi and Gray, 
1985; Rodriguez et al., 1992), ATP quantification (Jenkinson and Ladd, 1981; 
Jenkinson, 1988; Contin et al., 2001), substrate-induced respiration (SIR) 
(Anderson and Domsch, 1978), and the chloroform fumigation incubation and 
chloroform fumigation extraction methods (De-Polli et al ., 2007).  
 
Procedure 
 
Soil microbial biomass carbon (Cmic) was determined according to Vance 
et al. (1987) involving extraction of organic carbon (C) from fumigated and un-
fumigated soils with K2SO4.  
20g of sieved soil was weighed in six 100ml beakers. Three of these were 
extracted immediately with 75ml of 0.5M K2SO4.The other three were fumigated 
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in a dessicator containing 25ml ethanol free chloroform and a few glass chips in a 
50ml beaker and lined with wet filter paper (to maintain humidity). The dessicator 
was evacuated using suction until the CHCl3 had boiled for 2 minutes. The 
fumigated dessicator was then placed in an incubator set at 25˚C in dark. After 24 
hours, the beaker containing CHCl3 was removed from the dessicator and residual 
CHCl3 vapour in the soil was removed by repeated evacuation. The soil was then 
extracted with 75ml of 0.5M K2SO4 in a 250 ml flask. The flasks were shaken for 
30 minutes on a shaker and the suspension was filtered using Whatman No. 42 
filter paper. Organic C in the extract was measured using dichromate digestion. 
8ml extract was digested with 2ml of 66.7mM K2Cr2O7, 70mg of HgO and a 15ml 
mixture of two parts of H2SO4 (98% acid) and one part of H3PO4 (88% acid). The 
mixture was boiled gently under reflux for 30 minutes, allowed to cool and diluted 
with 20-25ml distilled water which was added through the condenser as a rinse. 
The excess dichromate was determined by back titration with 33.3mM ferrous 
ammonium sulphate in 0.4M H2SO4, using 25mM 1,10- phenanthroline ferrous 
sulphate complex solution as indicator. The acidified ferrous ammonium sulphate 
solution was standardized against the 66.7mM K2Cr2O7 (cold blank). The amount 
of dichromate consumed was calculated as that remaining in the blank digestions 
with 8ml 0.5M K2SO4 (hot blank), less that remaining in the digest of the extract. 
Extractable carbon was calculated assuming 1ml 66.7mM K2Cr2O7 is equivalent to 
1200µg C and biomass C from the relationship     
Biomass C = 2.64 EC 
Where, EC is the difference between C extracted from the fumigated and non-
fumigated treatments both expressed as µg Cg
-1
 oven dry soil.  
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Microbial activity  
It was determined using FDase assay following Adam and Duncan (2001). 
The method is simple and easy and involves a short incubation period (only 20 
minutes) circumventing all the problems associated with methods involving very 
long or overnight incubation periods.  
Procedure  
2g soil was placed in a 50ml conical flask and 15ml of 60mM potassium 
phosphate buffer pH 7.6 was added to it. 0.2ml 1000mg FDA ml
-1
 solution was 
added to start the reaction. The flasks were stoppered and the contents shaken by 
hand. The flasks were then placed in a shaking incubator set at 30
0
C for 20 min. 
After removing from the incubator, 15ml of chloroform/methanol (2:1 v/v) was 
added immediately to terminate the reaction. Stoppers were replaced on the flasks 
and the contents were shaken thoroughly by hand. The contents of the flasks were 
transferred to 50ml centrifuge tubes and centrifuged at 2000rev min
-1
 for 
approximately 3 min. The supernatant was filtered through Whatman, No. 2 filter 
paper into 50ml conical flasks and the color developed due to fluorescein diacteate 
hydrolysis was measured at 490nm on a spectrophotometer. Blanks without the 
addition of the FDA substrate were also run. The concentration of fluorescein 
released during the assay was calculated by reference to the calibration graph 
produced from solutions containing 0 to 5mg fluorescein ml
-1
.  
 
Soil enzymes 
Soil enzyme activity is the direct expression of the soil community for 
metabolic requirements and available nutrients (Caldwell, 2005) and hence in the 
present study activities of six soil enzymes, involved in nitrogen (protease, urease, 
and asparaginase), phosphorus (acid and alkaline phosphatase) and carbon cycle 
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(invertase/sucrase) were studied. The protocols followed are briefly outlined 
below: 
Protease 
Method outlined by Ladd and Butler (1972) and modified by Rangaswamy 
et al. (1994) and Ismail et al. (1996) was used to assay soil protease activity. 
Procedure  
1g soil was mixed with 10ml of 0.1M tris buffer (2-amino-
2[hydroxymethylmethyl]-propane-1:3-diol) pH 7.5 containing sodium caseinate 
(2% w/v). Flasks were incubated for 2h at 37
0
C. 4 ml of 17.5% trichloroacetic acid 
(TCA) were then added which served to stop the reaction. The resulting mixture 
was centrifuged for 5minutes to separate supernatant from the pellet. 2ml of the 
supernatant were treated with 3ml of 1.4M Na2CO3, 1ml of Folin-Cicalteau 
reagent (33.3% v/v). The mixture was again centrifuged for 5minutes and the 
intensity of blue colour in the supernatant developed due to protease action was 
measured at 700nm after 30 minutes using a spectrophotometer. The amino acids 
released by protease action were quantified by reference to calibration graph 
drawn using absorbance values of tyrosine standards containing 20, 40, 60, 80 and 
100 µg tyrosine ml
-1
.  
Alkaline and acid phosphatase 
Activity of alkaline and acid phosphatases was assayed after Tabatabai and 
Bremner (1969) and Eivazi and Tabatabai (1977). 
Procedure  
1ml of 0.05M p-nitrophenyl phosphate solution made in modified universal 
buffer (MUB) (the ingredients of which include tris (hydroxymethyl) 
aminomethane (THAM), maleic acid, citric acid, boric acid, and sodium 
hydroxide), 0.2ml toluene and 4ml MUB were added to 1g soil in a 100ml conical 
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flask. After mixing the contents the flasks were stoppered and incubated at 37
0
C 
for 1h. 1ml of 0.5M CaCl2 and 4ml of 0.5M NaOH were then added to each flask 
and the flasks were swirled for a few seconds. This was followed by filtering the 
suspension through a folded Whatman no. 2 filter paper. Clear yellow coloured 
solution formed as a result of phosphatase action on the p-nitrophenyl phosphate 
was analysed spectrophotometrically at wavelength of 410nm to determine the 
amount of p-nitrophenol released. The pH optima need to be taken care of while 
preparing MUB for acid and alkaline phosphatases as the two have different pH 
optima. The optimum pH for acid phosphatase is 6.5 while that for alkaline 
phosphatase is 11. The amount of p-nitrophenol released was determined by 
reference to a calibration graph prepared from the standards containing 10, 20, 30, 
40 and 50µg p-nitrophenol ml
-1
.  
Urease 
Urease activity was measured following the method of Tabatabai and 
Bremner (1972). 
Procedure  
0.2ml toluene and 9ml 0.05M tris (hydroxymethyl) aminomethane (THAM) 
pH 9.0 were added to 5g soil in a conical flask. The flasks were swirled for a few 
seconds to mix the contents.1ml of 0.2M urea solution made in THAM buffer pH 
9.0 was added to each flask which were swirled for a few seconds again and 
stoppered before incubating at 37
0
C for 2h. Approximately 35ml mixture of 2.5M 
potassium chloride-100ppm silver sulphate solution was added to each flask which 
was allowed to stand for about 5minutes to cool to room temperature. Then the 
contents in each flask were made to 50ml using the same potassium chloride-silver 
sulphate solution. Each flask was stoppered and inverted several times to mix the 
contents thoroughly. To determine the amount of NH
+
4-N released by urease 
activity, 20ml aliquot of resulting soil suspension was treated with 0.2g of MgO 
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before transferring it to the flask of the steam distillation apparatus. The distillate 
was collected in a conical flask containing 5ml of 2% boric acid solution 
(bromocresol green and methyl orange). Approximately 25ml of distillate 
collected for 4minutes of distillation were titrated against 0.0025M H2SO4 till the 
end point marked by a change in colour from green to pink was reached. 
Asparaginase 
Asparaginase activity was measured after Frakenberger and Tabatabai 
(1991a, b). 
Procedure  
The procedure for this enzyme was similar to that of urease with minor 
modifications which included use of 0.1M THAM buffer pH 10 instead of 0.05M 
THAM pH 9.0 used for urease assay. Besides substrate used was 0.5M L-
asparagine solution. 
 
Invertase (sucrase) 
The activity of this enzyme was assayed after Schinner and Von Mersi 
(1990). 
Procedure 
5g soil was placed in conical flasks and 15ml acetate buffer (11.2M, pH 
5.5) and 15ml substrate solution (1.2% sucrose w/v in 11.2M acetate buffer pH 
5.5) was added to it. The contents were shaken with hand, stopperred and 
incubated at 50
0
C for 3h. After incubation, the contents were again shaken briefly, 
filtered immediately and diluted (1: 6) with distilled water in test tubes. Reducing 
sugars released were then determined following Nelson Somogyi‘s method as 
follows:  
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2ml mixture of Somogyi I and Somogyi II in the ratio of 4:1 was added to 
each test tube containing 1:6 diluted filtrate. The solution was mixed and heated in 
a boiling water bath exactly for 20 minutes. Test tubes were cooled in a pan of 
cold water. 2ml Nelson reagent was then added and the contents were mixed 
carefully; blue color formed was read at 710nm after half an hour. 
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Impact on soil bacterial diversity 
Impact of Conyza canadensis  
The Denaturing Gradient Gel Electrophoresis (DGGE) analysis of the DNA 
extracted from the soil invaded by C. canadensis and control (Conyza uninvaded) 
patches using 358f and 907r primer combination revealed presence of 106 bands. 
These 106 bands represented 57 different bacterial species. The invaded and 
uninvaded (control) patches harboured 41 and 36 species, respectively (Figure 4. 
1a).  Perusal of the data (Plates 3 and 4) revealed that 20 species were common to 
invaded and uninvaded patches; 21 occurred exclusively in the invaded patches 
and 16 were restricted to uninvaded patches. Most dominant family was 
Chitinophagaceae which included 10 members and 6 species belonging to this 
family occurred exclusively in the invaded patches while four were shared 
between invaded and uninvaded patches. Likewise, 9 members of Rhizobiaceae 
were equally distributed between invaded and uninvaded patches (Tables 4.1a and 
4.1b). Other families like Burkholderiaceae, Micrococcaceae and 
Flavobacteriaceae were represented both in invaded and uninvaded patches. 
The dominant bacterial groups of Sphingobacteria and Alphaproteobacteria 
were represented by 10 and 9 species, respectively.  In the former group, 
Chitinophaga was the dominant genus represented by 3 species, of which 2, 
namely C. soli and C. cf. sancti along with three other bacteria viz., 
Ferruginibacter lapsinanis, Ferruginibacter alkalilentus, HU1-ID41 and 
Terrimonas ferruginea occurred in invaded patches only while C. arvensicola 
occurred both in invaded as well as uninvaded patches along with Niastella sp. and 
two other bacteria TP524 and HU1-GB11. The latter group (Alphaproteobacteria) 
included 9 representatives. Members of this group, namely Rhizobium tropici, R. 
elti, R. alju-I, and R. CNW11 and another species of Rhizobium were common to 
invaded and uninvaded patches. R. Sb1-Nf13 and Agrobacterium T19 were 
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restricted to invaded patches only while as R. leguminosarum (cv. viciae) and R. 
M061122-8 occurred in uninvaded (control) patches only. Another group of 
bacteria, namely Betaproteobacteria included 4 representatives. Burkholderia sp. 
and an un-classified bacterium from the same group which were common between 
invaded and uninvaded patches while Rubrivivax JA 254 and Leptothrix 
MBIC3364 occurred in invaded patches only. 4 members of Actinobacteria group 
were equally distributed in the invaded and uninvaded patches; while Arthrobacter 
oxydans and A. TP-Snow-C29 occurred in uninvaded (control) patches only. 
Likewise Arthrobacter SMCCZAT055 was restricted to invaded patches along 
with an un-classified member from the same group. Flavobacteriaceae was 
represented by two members, of which Flavobacterium sp. was common between 
invaded and uninvaded control patches while Gillisia myxillae occurred in 
uninvaded (control) patches only. Cyanobacteria and Acidobacteria were 
represented by one species each, while Chroococcidiopsis from the former group 
occurred in the invaded patches only. Acidobacteriales bacterium which could not 
be identified to the species level was confined to uninvaded (control) patches only. 
Of the four Bacteriodetes bacteria, three were common between invaded and 
uninvaded patches and one was present only in the invaded patches. The other four 
unclassified bacteria were present only in the uninvaded (control) patches.  
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Figure 4.1: Occurrence of species of bacteria in the patches invaded and 
uninvaded by (a) Conyza canadensis and (b) Sambucus wightiana. 
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Table 4.1a: Frequency and identity of the species of bacteria (as revealed after blast analysis of DGGE 
bands) at the three patches invaded by Conyza canadensis and their respective uninvaded 
(control) patches.  
Band 
no. 
Accession 
number 
Species  Invaded  
  SI             SII           SIII 
Uninvaded 
  SI             SII          SIII 
Frequency (%) 
Invaded    Uninvaded 
1 AB267723.1 Chitinophaga soli + - - - - - 33.33 0.00 
2 AB329629.1 Niastella sp. KP-03 + - + (30) - + (68) + (87) 66.66 66.66 
3 FN178365.1 Rhizobium tropici + + (18) + (35) + (53) + (71) + (89) 100.00 100.00 
4 HQ231924.1 Rhizobium CNW11 + + (19) + (36) + (54) + (72) - 100.00 66.66 
5 AF181568.1 Chitinophaga cf. sancti + - - - - - 33.33 0.00 
6 AF530989.1 Bacteriodetes 
bacterium 
+ - - - - - 33.33 0.00 
7 EU699482.1 
 
Actinomycetales 
bacterium TLI005 
+ - - - - - 33.33 0.00 
8 AY221176.1 Rhizobium elti + - - + (61) - - 33.33 33.33 
9 Q219288.1 Agrobacterium T19 + - - - - - 33.33 0.00 
10 *B. N. I  + - - - + (84)  - 33.33 33.33 
11 *B. N. I  + - - - - - 33.33 0.00 
12 *B. N. I  + - + (49) - - - 66.66 0.00 
13 AB456590.1 Rhizobium Sb1-Nf13 - + - - - - 33.33 0.00 
14 FJ177532.1 
 
Ferruginibacter 
lapsinanis 
- + - - - - 33.33 0.00 
15 FJ177530.1 Ferruginibacter 
alkalilentus 
- + - - - - 33.33 0.00 
16 *B. N. I  - + - - - - 33.33 0.00 
17 *B. N. I  - + - - - - 33.33 0.00 
20 HQ218442.1 Rhizobium sp. - + - + (55) + (73) + (92) 33.33 100.00 
21 FJ263934.1 Chitinophagaceae 
Bacterium HU1-GB11 
- + - - - + (93) 33.33 33.33 
22 AB074735.1 Betaproteobacteria S-
N(nd)-12A 
- + - +(57) + (76) - 33.33 66.66 
23 FJ688408.2 Bacteriodetes 
bacterium CK32 
- + - +(59) - +(97) 33.33 66.66 
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24 AB360415.1 Bacterium RS32G - + + (42) - + (79) + (99) 66.66 66.66 
25 AF197051.1 Arthrobacter SMCC 
ZAT055 
- + - - - - 33.33 0.00 
26 FJ263933.1 Chitinophagaceae 
bacterium HU1-ID41 
- + - - - - 33.33 0.00 
27 HQ113208.1 Terrimonas ferruginea - + - - - - 33.33 0.00 
28 *B. N. I  - + - - - - 33.33 0.00 
29 *B. N. I  - + + (48) + (66) - - 66.66 33.33 
31 AM237311.1 Chitinophaga syn. 
Cytophaga arvensicola 
- - + + (50) - - 33.33 33.33 
32 FJ790603.1 Chroococcidiopsis sp. - - + - - - 33.33 0.00 
33 AB015048.1 Leptothrix 
sp.MBIC3364 
- - + - - - 33.33 0.00 
34 FN995212.1 Rubrivivax JA254 - - + - - - 33.33 0.00 
37 GQ181027.1 Burkholderia 
phytofirmans 
- - + - + (74) - 33.33 33.33 
38 AY490100.1 Rhizobium alju-1 - - + + (56) + (75) - 33.33 66.66 
39 *B. N. I  - - + - - + (94) 33.33 33.33 
40 *B. N. I  - - + - - - 33.33 0.00 
41 HM141520.1 Flavobacterium sp. - - + + (58) - +( 96) 33.33 66.66 
43 *B. N. I  - - + - - + (100) 33.33 33.33 
44 GU117702.1 Bacteriodetes 
bacterium 3B-2 
- - + - + (82) + (102) 33.33 66.66 
45 *B. N .I  - - + - - + (103) 33.33 33.33 
46 EF636199.1 Sphingobacteriales  
bacterium TP524 
- - + + (65) - + (104) 33.33 66.66 
47 *B. N. I  - - + - - - 33.33 0.00 
51 FN298014.1 Bacteria environmental 
sample 
- - - + + (70) + (88) 0.00 100.00 
52 HQ327138.1 Arthrobacter TP-Snow-
C29 
- - - + - - 0.00 33.33 
60 AB529853.1 Rhizobium 
leguminosarum cv. 
viciae 
- - - + + (78) + (98) 0.00 100.00 
62 DQ202393 Gillisia myxillae - - - + - + (101) 0.00 66.66 
Ph. D Thesis 
 
101 
 
63 AJ871300.1 Arthrobacter oxydans - - - + - - 0.00 33.33 
64 *B. N. I  - - - + - - 0.00 33.33 
67 *B. N. I  - - - + + (86) + (106) 0.00 100.00 
69 EU072713.1 Rhizobium M061122-8 - - - - + - 0.00 33.33 
77 EU440626.1 Acidobacteriales 
bacteria 
- - - - + - 0.00 33.33 
80 AB360413.1 Bacteria RS19G - - - - + - 0.00 33.33 
81 FJ479345.1 Uncultured bacterium - - - - + - 0.00 33.33 
83 *B. N. I  - - - - + - 0.00 33.33 
85 AY795689.1 Betaproteobacteria - - - - + + (105) 0.00 66.66 
90 *B. N. I  - - - - - + 0.00 33.33 
91 *B. N. I  - - - - - + 0.00 33.33 
95 *B. N. I  - - - - - + 0.00 33.33 
   
 * Band not identified 
 
 
 
 
 
 
 
 
 
Ph. D Thesis 
 
102 
 
Table 4.1b: Maximum identity, query coverage and taxonomic information about the species of bacteria from 
the patches invaded and uninvaded by Conyza canadensis. 
Band 
No. 
Accession 
number 
Query 
coverage % 
Maximum 
identity% 
Classification 
 
1 AB267723.1 
 
99 93 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Chintinophagaceae, Chitinophaga soli 
2 AB329629.1 
 
100 91 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Chintinophagaceae, Niastella sp. 
3 FN178365.1 
 
100 99 Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, 
Rhizobium/Agrobacterium group, Rhizobium tropici 
4 HQ231924.1 
 
100 98 Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, 
Rhizobium/Agrobacterium group, Rhizobium CNW11 
5 AF181568.1 
 
100 88 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Chintinophagaceae, Chitinophaga cf. sancti 
6 AF530989.1 100 80 Bacteriodetes bacterium wo31 
7 EU699482.1 92 82 Bacteria, Actinobacteria, Actinobacteridae, Actinomycetales 
bacterium TLI005 
8 AY221176.1 
 
99 86 Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, 
Rhizobium/Agrobacterium group, Rhizobium elti 
9 HQ219288.1 
 
100 94 Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, 
Rhizobium/Agrobacterium group, Agrobacterium T19 (2010) 
13 AB456590.1 
 
100 84 Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, 
Rhizobium/Agrobacterium group, Rhizobium Sb1-Nf13 
14 FJ177532.1 
 
100 91 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Ferruginibacter lapsinanis 
15 FJ177530.1 
 
100 94 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales 
Ferruginibacter alkalilentus 
20 HQ218442.1 
 
100 91 Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, 
Rhizobium/Agrobacterium group, Rhizobium sp. 
21 FJ263934.1 
 
98 87 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Chintinophagaceae, unclassified Chitinophagaceae bacterium 
HU1-GB11 
22 AB074735.1 99 86 Bacteria, Proteobacteria, Betaproteobacteria S-N(nd)-12A 
23 FJ688408.2 100 85 Bacteriodetes bacterium CK32 
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24 AB360415.1 100 90 Bacterium RS32G 
25 AF197051.1 
 
100 86 Bacteria, Actinobacteria, Actinobacteridae, Actinomycetales, 
Micrococcineae, Micrococcaceae, Arthrobacter SMCC ZAT055 
26 FJ263933.1 
 
100 83 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Chintinophagaceae, unclassified Chitinophagaceae bacterium 
HU1-ID41 
27 HQ113208.1 
 
99 87 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Chintinophagaceae, Terrimonas ferruginea 
31 AM237311.1 
 
99 94 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Chintinophagaceae, unclassified Chitinophagaceae, Chitinophaga 
arvensicola 
32 FJ790603.1 
 
100 90 Bacteria, Cyanobacteria, Pleurocapsales, Chroococcidiopsis, 
uncultured Chroococcidiopsis sp. 
33 AB015048.1 
 
100 78 Bacteria, Proteobacteria, Betaproteobacteria, Burkholderiales, 
Leptothrix sp.MBIC3364 
34 FN995212.1 99 91 Bacteria, Proteobacteria, Betaproteobacteria, Burkholderiales, 
Rubrivivax JA254 
37 GQ181027.1 
 
99 79 Bacteria, Proteobacteria, Betaproteobacteria, Burkholderiales, 
Burkholderiaceae, Burkholderia phytofirmans 
38 AY490100.1 
 
100 82 Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, 
Rhizobium/Agrobacterium group, Rhizobium alju-1 
41 HM141520.1 
 
100 82 Bacteria, Bacteriodetes, Flavobacteria, Flavobacteriales, 
Flavobacteriaceae, Flavobacterium environmental sample 
44 GU117702.1 100 90 Bacteriodetes, bacterium 3B-2 
46 EF636199.1 
 
100 87 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Sphingobacteriales  bacterium TP524 
51 FN298014.1 100 87 Bacteria environmental sample 
52 HQ327138.1 100 95 Bacteria, Actinobacteria, Actinobacteridae, Actinomycetales, 
Micrococcineae, Micrococcaceae, Arthrobacter TP-Snow-C29 
60 AB529853.1 
 
100 98 Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, 
Rhizobium/Agrobacterium group, Rhizobium leguminosarum cv. 
Viciae 
62 DQ202393.1 
 
99 89 Bacteria, Bacteriodetes, Flavobacteria, Flavobacteriales, 
Flavobacteriaceae, Gillisia myxillae 
63 AJ871300.1 
 
99 92 Bacteria, Actinobacteria, Actinobacteridae, Actinomycetales, 
Micrococcineae, Micrococcaceae, Arthrobacter oxydans 
Ph. D Thesis 
 
104 
 
69 EU072713.1 
 
99 99 Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, 
Rhizobium/Agrobacterium group, Rhizobium M061122-8 
77 EU440626.1 100 83 Bacteria, Acidobacteria, Acidobacteriales, environmental sample 
80 AB360413.1 98 88 Bacteria RS19G 
81 FJ479345.1 100 82 Uncultured Bacterium, environmental sample 
85 AY795689.2 100 78 Bacteria, Proteobacteria, Betaproteobacteria, 
Schreyahn_AOB_SSU_Salic_1 
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Impact of Sambucus wightiana 
DNA extracted from forest soils invaded by S. wightiana and comparable 
uninvaded (control) patches was amplified using the same general bacterial 
primers (358f and 907r) as in case of Conyza canadensis. The analysis of DGGE 
gels revealed occurrence of 48 bands (24 in the invaded and 24 in the uninvaded 
patches) (Plates 3 and 5) which represented a total of 16 species, of which 15 were 
sequenced.  Perusal of the data (Tables 4.1c and 4.1d) revealed that 8 species 
occurred in the invaded patches and 8 in the uninvaded (control) patches. A 
striking feature was that no species was shared between the invaded and 
uninvaded patches (Figure 4.1b).  Chitinophagaceae was the most dominant family 
with 5 representatives, of which two, Chitinophaga terrae and C. arvensicola were 
found in the invaded patches while as two species of Flavosolibacter, namely F. 
ginsengisoli and F. HU1-JC5 occurred in the uninvaded patches along with 
Terrimonas lutea. Flavobacteriaceae, Gallionellaceae, Sphingomonadaceae and 
Thiotrichaceae included one representative each. While Flavobacterium sp. from 
Flavobacteriaceae was present in the invaded patches, others viz. Sideroxydans sp. 
PN022, Sphingomonas 62AD25 and Thiothrix lacustris from Gallionellaceae, 
Sphingomonadaceae and Thiotrichaceae, respectively occurred in the uninvaded 
patches only. An unclassified ammonium oxidising bacterium was present in the 
invaded patches while as a nitrate oxidising species occurred in the uninvaded 
control patches. 4 other bacterial members were reported from the invaded patches 
which could not be identified at the species level.  
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Table 4.1c: Frequency and identity of the species of bacteria (as revealed after blast analysis of DGGE 
bands) at the three patches invaded by Sambucus wightiana and their respective uninvaded 
(control) patches. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Band 
No. 
Accession 
number 
Species  Invaded 
SI        SII       SIII 
Uninvaded 
SI           SII       SIII 
Frequency (%) 
Invaded     Uninvaded 
1 AB278570.1 Chitinophaga 
terrae 
+ + (9) + (17) - - - 100.00 0.00 
2 AM237312.1 Chitinophaga 
arvensicola 
+ + (10) + (18) - - - 100.00 0.00 
3 FN554384.1 Bacteriodetes, 
Bacteria 
+ + (11) + (19) - - - 100.00 0.00 
4 GU187033.1 Acidobacteria 
bacterium IGE 
+ + (12) + (20) - - - 100.00 0.00 
5 AJ252591.1 Rhizosphere soil 
bacterium 
+ + (13) + (21) - - - 100.00 0.00 
6 AB360415.1 Bacterium RS32G + + (14) + (22) - - - 100.00 0.00 
7 GU219965.1 Flavobacterium sp. + + (15) + (23) - - - 100.00 0.00 
8 AY795692.2 Betaproteobacteria + + (16) + (24) - - - 100.00 0.00 
25 HQ117918.1 Sideroxydans 
PN022 
- - - + + (33) + (41) 0.00 100.00 
26  *B. N. I  - - - + + (34) + (42) 0.00 100.00 
27 FJ177533.1 Flavosolibacter  sp. 
HU1-JC5 
- - - + + (35) + (43) 0.00 100.00 
28 AB192292.2 Terrimonas lutea - - - + + (36) + (44) 0.00 100.00 
29 AB267477.1 Flavosolibacter 
ginsengisoli 
- - - + + (37) + (45) 0.00 100.00 
30 AB242797.1 Sphingomonas, 
62AD25 
- - - + + (38) + (46) 0.00 100.00 
31 AY135357.1 Bradyrhizobiaceae 
nitrate oxidizing 
bacterium MPN2 
- - - + + (39) + (47) 0.00 100.00 
32 EU642572.1 Thiothrix lacustris - - - + + (40) + (48) 0.00 100.00 
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Table 4.1d: Maximum identity, query coverage and taxonomic information about the species of bacteria from 
the patches invaded and uninvaded by Sambucus wightiana. 
Band 
No. 
Accession 
number 
Query 
coverage % 
Maximum 
identity% 
Classification  
1 AB278570.1 
 
99 84 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Sphingobacteriales, Chitinophagaceae, Chitinophaga terrae 
2 AM237312.1 
 
100 87 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Sphingobacteriales, Chitinophagaceae, Chitinophaga arvensicola 
3 FN554384.1 91 78 Bacteriodetes bacteria 
4 GU187033.1 94 84 Acidobacteria bacterium IGE 
5 AJ252591.1 99 87 Rhizosphere soil bacterium 
6 AB360415.1 100 89 Bacterium RS32G 
7 GU219965.1 94 81 Bacteria, Bacteriodetes, Flavobacteria, Flavobacteriales, 
Flavobacteriaceae, Flavobacterium sp. Enviromental sample 
8 AY795692.2 
 
98 84 Bacteria, Proteobacteria, Betaproteobacteirum Schreyahn AOB SSU 
aster 7 Betaproteobacteria 
25 HQ117918.1 
 
100 77 Bacteria, Proteobacteria, Betaproteobacteria, Gallionellales, 
Gallionellaceae Sideroxydans PN022 
27 FJ177533.1 
 
99 88 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Sphingobacteriales, Chitinophagaceae, Flavosolibacter sp. HU1-JC5 
28 AB192292.2 
 
100 88 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Sphingobacteriales, Chitinophagaceae, Terrimonas lutea 
29 AB267477.1 
 
100 87 Bacteria, Bacteriodetes, Sphingobacteria, Sphingobacteriales, 
Sphingobacteriales, Chitinophagaceae, Flavosolibacter ginsengisoli 
30 AB242797.1 
 
99 75 Bacteria, Proteobacteria, Alphaprtoebacteria, Sphingomonadales, 
Sphingomonadaceae, Sphingomonas, 62AD25 
31 AY135357.1 
 
94 82 Bacteria, Proteobacteria, Alphaprtoebacteria, Rhizobiales, 
Bradyrhizobiaceae, Nitrate oxidizing bacterium MPN2 
32 EU642572.1 
 
95 74 Bacteria, Proteobacteria, Gammaproteobacteria, Thiotrichales, 
Thiotrichaceae, Thiothrix lacustris 
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Impact on soil fungal diversity 
Impact of Conyza canadensis 
Analysis of DGGE gels of fungi revealed presence of a total of 60 bands, of 
which 35 occurred in the patches invaded by C. canadensis and 25 in the 
uninvaded (control) patches (Figure 4.2a; Plates 3 and 6). While 10 species were 
common between invaded and uninvaded patches, 17 species were found to occur 
exclusively in the invaded patches and 8 occurred only in uninvaded (control) 
patches (Tables 4.2a and 4.2b). Davidiellaceae (6 species) and Pleosporaceae (5 
species) were the dominant families. Cladosporium pseudocladosporioides and C. 
xylophilum were common between invaded and uninvaded patches, C. 
phyllophilum, C. cladosporioides, C. varians and Davidiella tassiana occurred in 
the uninvaded patches only. Among the members of Pleosporaceae, Alternaria 
tenuissima and an un-classified member of the same family were found to occur 
both in the invaded as well as uninvaded patches while A. compacta, A. FL-2010a 
and A. 4F occurred only in the uninvaded patches. Among the 2 representatives of 
Didymellaceae, Didymella phacae occurred only in the invaded patches while 
Leptosphaerulina americana occurred in both invaded as well as uninvaded 
patches. Mycosphaerellaceae was represented by two species of Cercospora, C. 
capsici and C. rodmanii which were restricted to invaded patches only. Peziza 
subcitrina and an un-classified member from the Pezizomycotina group were 
restricted to the invaded patches only and did not occur in the uninvaded control 
patches. Paraphoma chrysanthemicola from Phaeosphaeriaceae was found to be 
present only in the invaded patches. Families, such as Myxotrichaceae, 
Ascobolaceae and Trichocomaceae were represented by a single representative 
each. While Geomyces sp. (Myxotrichaceae) occurred both in invaded and 
uninvaded patches, Ascobolus crenulatus (Ascobolaceae) and Penicillium sp. 
(Trichocomaceae) occurred only in the invaded patches. 
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Figure 4.2: Occurrence of species of fungi in the patches invaded and uninvaded 
by (a) Conyza canadensis (Ascomycetes), (b) Sambucus wightiana 
(Ascomycetes) and (c) Sambucus wightiana (Basidiomycetes). 
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Two un-classified representatives from Onygenales and Phoma sp. 
(incertea sedis) occurred in the invaded patches only while an uncultured 
Chaetomiaceae member occurred in the uninvaded (control) patches. Among the 
ten unidentified fungal taxa, 3 were common to invaded and uninvaded patches, 3 
occurred exclusively in the uninvaded patches and 4 were confined to invaded 
patches.   
Impact of Sambucus wightiana 
Both Ascomycete and Basidiomycete communities were studied to explore 
the impact of S. wightiana on soil fungal diversity.  Using ITS4A and ITS1GC 
primers to unravel the diversity of Ascomycetes, 54 bands were recorded on 
DGGE gels (Plates 3 and 7). 21 of these bands were recorded in soils from 
invaded patches and 33 from soils obtained from comparable uninvaded control 
patches.  These bands represented a total of 16 species of which only 12 could be 
sequenced. Total number of species in the invaded and uninvaded patches was 7 
and 11, respectively. Comparative analysis of the data revealed that 2 species were 
shared between invaded and uninvaded patches; 5 species were exclusive to 
invaded patches and 9 occurred in uninvaded patches only (Figure 4.2b). 
Myxotrichaceae was most dominant with 5 representatives belonging to genera 
Pseudogymnoascus (1 species) and Geomyces (4 species) (Tables 4.2c and 4.2d). 
Three species of Geomyces, namely G. pannorum var. pannorum, G. vinaceus and 
G. T489/9b were found in the invaded patches while the fourth species, G. LC-03-
010 occurred in the uninvaded (control) patches only together with 
Pseudogymnoascus roseus. Pyronemataceae was represented by three Wilcoxina 
species.  Wilcoxina R3193 and W. rehmii occurred in the invaded patches and third 
Wilcoxina sp. occurred in the uninvaded patches. Chrysosporium merdarium 
belonging to Onygenaceae occurred in the invaded patches only and no 
representative of this family was recorded from the uninvaded patches. Devriesia 
NG_p52 from Capnodiales was recorded only from the uninvaded patches and did 
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not occur in the patches invaded by S. wightiana. Two other Ascomycetous fungi 
occurred only in uninvaded (control) patches.  
Exploration of the diversity of Basidiomycete fungi in the patches invaded 
and uninvaded (control) by S. wightiana employing ITS4B and ITS1FGC primers 
yielded a total of 42 bands; 24 in invaded patches and 18 in the uninvaded 
(control) patches (Plates 3 and 8). These 42 bands represented 13 fungal species, 
of which 12 were sequenced. Total number of soil fungal species in the invaded 
patches was 8 and in the uninvaded patches it was 6 (Tables 4.2e and 4.2f). 7 
species occurred exclusively in invaded patches and 5 in the uninvaded patches, 
and 1 species was shared between the two (Figure 4.2c). Tricholomataceae was 
represented by six species which belonged to genus Laccaria.  While L. bicolor 
occurred in the invaded as well uninvaded patches, L. laccata and another 
Laccaria sp. were present in the invaded patches only. L. montana, L. amethystea 
and L. cf. proxima were present only in the uninvaded patches. Ganoderma 
lipsience (Ganodermataceae) and another un-identified member of the same genus 
were present exclusively in the invaded patches.  Agaricus pinsitus (Agaricaceae) 
and Ceratobasidium (Ceratobasidiaceae) both were represented by a single species 
and were found to occur only in invaded patches. Likewise, Cortinarius callisteus 
(Cortinariaceae) and Lyophyllum decastes (Lyophyllaceae) were restricted in 
occurrence to uninvaded patches.  
Phylogenetic and molecular evolutionary analysis of the sequences of 
bacteria and fungi from the patches invaded by C. canadensis and S. wightiana 
and their respective controls was conducted using MEGA version 5 (Tamura et al., 
2011), (Plates 4 to 8).   
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Table 4.2a: Frequency and identity of the species of fungi (Ascomycetes) (as revealed after blast 
analysis of DGGE bands) at the three patches invaded by Conyza canadensis and their 
respective uninvaded (control) patches. 
Band 
No. 
Accession 
number 
Species  Invaded  
 SI        SII           SIII 
Uninvaded 
  SI             SII          SIII 
Frequency (%) 
Invaded    Uninvaded 
1 GU073113.1 Alternaria compacta + - +(21) - - - 66.66 0.00 
2 EF565863.1 Alternaria sp.4F + - + (23) - - - 66.66 0.00 
3 EU167570.1 Didymella phacae + - - - - - 33.33 0.00 
4 FJ426987.1 Paraphoma  
chrysanthemicola 
+ + (15) - - - - 66.66 0.00 
5 AY345348.1 Geomyces sp. + + (16) + (26) + (38) +  (43) +(50) 100.00 100.00 
6 AY278318.1 Leptosphaerulina 
americana 
+ + (17) - - - +(51) 66.66 33.33 
7 HM148192.1 Cladosporium 
pseudocladosporioides 
+ + (18) - + (39) - +(52) 66.66 66.66 
8 GU721647.1 Fungi, environmental 
sample 
+ - - - - +(55) 33.33 33.33 
9 HQ130718.1 Phoma  sp. WF164 + - - - - - 33.33 0.00 
10 HQ647312.1 Alternaria tenuissima + - - - + (47) - 33.33 33.33 
11 HM148234.1 Cladosporium 
xylophilum 
+ - - - - + (57) 33.33 33.33 
12 FJ471589.1 Penicillium sp. E3 + - - - - - 33.33 0.00 
13 DQ491504.1 Ascobolus crenulatus - + + (20) - - - 66.66 0.00 
14 HQ166543.1 Alternaria FL-2010a - + - - - - 33.33 0.00 
19 FJ213503.1 Fungi, environmental 
sample 
- + - - - - 33.33 0.00 
22 AF491628.1 Peziza subcitrina - - + - - - 33.33 0.00 
24 HQ700357.1 Cercospora capsici - - + - - - 33.33 0.00 
25 FJ911879.1 UFMGCB 2692 - - + + (36) - + (49) 33.33 66.66 
27 GQ169489.1 Unclassified 
Pleosporaceae N50 
- - + + (41) + (46) - 33.33 66.66 
28 FJ237199.1 Eukaryota, 
environmental sample 
- - + + (42) - - 33.33 33.33 
29 GU212403.1 Unclassified - - + - - - 33.33 0.00 
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Onygenales 
30 FN392316.1 Eukaryota, endophyte 
fungi, 
- - + - - - 33.33 0.00 
31 GU212420.1 Pezizomycotina sp. - - + - - + (58) 33.33 33.33 
32 FJ903342.1 Eukaryota Asomycota, 
Dikarya sp. L13 
- - + - - - 33.33 0.00 
33 EF434070.1 Fungi, environmental 
sample 
- - + - - - 33.33 0.00 
34 GU212423.1 Unclassified 
Onygenales 
- - + - - - 33.33 0.00 
35 GQ884185.1 Cercospora, rodmaii - - + - - - 33.33 0.00 
37 GU055722.1 Chaetomiaceae fungus - - - + - - 0.00 33.33 
40 HM148155.1 Cladosporium 
phyllophilum 
- - - + + (45) + (54) 0.00 100.00 
44 HQ660443.1 Cladosporium 
cladosporioides 
- - - - + - 0.00 33.33 
48 EU343351.1 Davidiella tassiana - - - - + - 0.00 33.33 
53 FJ440864.1 Dikarya Asomycota, 
environmental sample 
- - - - - + 0.00 33.33 
56 GU722018.1 
 
Eukaryota, fungi,  
mh28.2 environmental 
sample 
- - - - - + 0.00 33.33 
59 GQ996064.1 Eukaryotic fungi - - - - - + 0.00 33.33 
60 HM148225.1 Cladosporium 
cladosporioids 
- - - - - + 0.00 33.33 
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Table 4.2b: Maximum identity, query coverage and taxonomic information about the species of fungi from the 
patches invaded and uninvaded by Conyza canadensis. 
Band 
No. 
Accession 
number 
Query 
coverage % 
Maximum 
identity% 
Classification 
1 GU073113.1 100 93 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina Dothideommycetes, 
Pleosporomycetidae, Pleosporales, Pleosporineae, Pleosporaceae, Mitosporic 
Pleosporaceae Alternaria compacta 
2 EF565863.1 99 92 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideommycetes, 
Pleosporomycetidae, Pleosporales, Pleosporineae, Pleosporaceae, Mitosporic 
Pleosporaceae Alternaria sp.4F 
3 EU167570.1 
 
100 86 Eukaryota, Fungi, Dikarya, Ascomycotina, Pezizomycotina, Dothideomycetes, 
Pleosporomycetidae, Pleosporales, Pleosporineae, Didymellaceae, Didymella phacae 
4 FJ426987.1 94 99 Eukaryota, Fungi, Dikarya, Ascomycotina, Pezizomycotina, Dothideomycetes, 
Pleosporomycetidae, Pleosporales, Pleosporineae, Phaeosphaeriaceae, Mitosporic  
Phaeosphariaceae, Paraphoma chrysanthemicola 
5 AY345348.1 
 
100 98 Eukaryota, Fungi, Dikarya, Asomycota, Pezizomycotina, Leotiomycetes, Leotiomycetes 
incertae sedis, Mitosporic, Myxotrichaceae Geomyces sp. 
6 AY278318.1 
 
100 97 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideomycetes, 
Pleosporomycetideae, Pleosporales, Pleosporineae, Didymellaceae,  
Leptosphaerulina americana 
7 HM148192.1 
 
100 98 Eukaryota, Fungi, Dikarya, Ascomycotina, Pezizomycotina, Dothideomycetes, 
Dothideomycetidae,, Capnodiales, Davidiellacceae, Mitosporic Davidiellaceae, 
Cladosporium pseudocladosporioides 
8 GU721647.1 100 88 Eukaryotic, uncultured fungi, environmental sample 
9 HQ130718.1 100 84 Eukaryota, Fungi, Dikarya, Mitosporic Ascomycota, Dothideommycetes, 
Pleosporomycetidae, Pleosporales, incertae sedis, Phoma sp. WF164 
10 HQ647312.1 100 88 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideomycetes, 
Pleosporomycetidae ,Pleosporales, Pleosporineae, Pleosporaceae, Mitosporic 
Pleoesporaceae, Alternaria tenuissima 
11 HM148234.1 
 
100 95 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideomycetes, 
Dothideomycetidae,, Capnodiales, Davidiellacceae, Mitosporic Davidiellaceae, 
Cladosporium xylophilum 
12 FJ471589.1 98 85 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Eurotiomycetes, 
Eurotiomycetidae, Eurotiales, Trichocomaceae, Mitosporic Trichocomaceae, 
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 Penicillium sp. E3 
13 DQ491504.1 100 99 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Pezizomycetes, Pezizales, 
Ascobolaceae, Ascobolus crenulatus 
14 HQ166543.1 
 
100 93 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideomycetes, 
Pleosporomycetidae, Pleosporales, Pleosporineae, Pleosporaceae, Mitosporic 
Pleoesporaceae, Alternaria FL-2010a 
19 FJ213503.1 100 96 Eukaryota, Fungi,  uncultured environmental sample 
22 AF491628.1 
 
100 93 Eukaryota,  Fungi,  Dikarya, Asomycota, Pezizomycotina, Pezizomycetes, Pezizales, 
Pezizaceae, Peziza subcitrina 
24 HQ700357.1 78 89 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideomycetes, 
Dothideomycetidae, Capnodiales, Mycosphaerellaceae, Mitosporic Mycosphaerellaceae, 
Cercospora capsici 
25 FJ911879.1 100 99 Eukaryota, Fungi, UFMGCB 2692 
27 GQ169489.1 
 
94 83 Eukaryota, Fungi, Dikarya, Ascomycotina, Pezizomycotina, Dothideomycetes, 
Pleosporomycetidae,  Pleosporales, Pleosporineae, Pleosporaceae, unclassified 
Pleosporaceae N50 
28 FJ237199.1 100 98 Eukaryota uncultured, environmental sample 
29 GU212403.1 
 
100 88 Eukaryota, Fungi, Dikarya Ascomycotina, Pezizomycotina, Eurotiomycetes, 
Eurotiomycetidae, Onygenales unclassified Onygenales 
30 FN392316.1 97 91 Eukaryota, Fungal endophyte 
31 GU212420.1 93 87 Eukaryota, Dikarya Asomycota, Pezizomycotina, uncultured pezizomycotina sp. 
32 FJ903342.1 98 96 Eukaryota Dikarya Asomycota sp. L13 
33 EF434070.1 100 94 Eukaryota, uncultured  fungi, environmental sample 
34 GU212423.1 
 
98 80 Eukarya, Fungi, Dikarya Ascomycotina, Pezizomycotina, Eurotiomycetes, 
Eurotiomycetidae, Onygenales unclassified Onygenales 
35 GQ884185.1 
 
92 79 Eukarya, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideomycetes, 
Dothideomycetidae, Capnodiales, Myosphaerellaceae, Mitosporic Mycosphaerellaceae, 
Cercospora, rodmaii 
37 GU055722.1 
 
97 83 Eukarya, Fungi, Dikarya Asomycota, Pezizomycotina, Sordariomycetes 
Sordariomycetidae, Sordariales environmental sample uncultured Chaetomiaceae 
40 HM148155.1 
 
95 83 Eukarya, Fungi, Dikarya Ascomycota, Pezizomycotina, Dothideomycetes, 
Dothideomycetidae,, Capnodiales, Davidiellacceae,, Mitosporic Davidiellaceae, 
Cladosporium phyllophilum 
44 HQ660443.1 100 84 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideomycetes, 
Dothideomycetidae, Capnodiales, Davidiellaceae, 
Mitosporic Davidiellaceae, Cladosporium cladosporioides 
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48 EU343351.1 99 93 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideomycetes, 
Dothideomycetidae, Capnodiales, Davidiellaceae, Davidiella tassiana 
53 FJ440864.1 100 98 Eukarya, Fungi, Dikarya Asomycota, environmental sample 
56 GU722018.1 99 97 Eukaryota, fungal sp. mh28.2environmental sample 
59 GQ996064.1 100 88 Eukaryota Fungi 
60 HM148225.1 
 
98 97 Eukarya, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideomycetes, 
Dothideomycetidae,, Capnodiales, Davidiellacceae, Mitosporic Davidiellaceae, 
Cladosporium varians 
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Table 4.2c: Frequency and identity of the species of fungi (Ascomycetes) (as revealed after blast analysis of 
DGGE bands) at the three patches invaded by Sambucus wightiana and their respective uninvaded 
(control) patches.   
 
* Band not identified 
Band 
No. 
Accession 
number 
Species  Invaded  
SI          SII           SIII 
Uninvaded 
  SI           SII           SIII 
Frequency (%)  
Invaded     Uninvaded 
1 EF458013.1 Wilcoxina  sp. R3193 + + (8) + (15) - - - 100.00 0.00 
2 AB517942.1 Geomyces pannorum 
var. pannorum 
+ + (9) + (16) - - - 100.00 0.00 
3 DQ888721.1 Chrysosporium 
merdarium 
+ + (10) + (17) - - - 100.00 0.00 
4 AJ608972.1 Geomyces vinaceus + + (11) + (18) + (23) + (34) + (45) 100.00 100.00 
5 AY345348.1 Geomyces  sp. T489/9b + + (12) + (19) + (25) + (36) + (46) 100.00 100.00 
6 DQ069001.1 Wilcoxina rehmii + + (13) + (20) - - - 100.00 0.00 
7 *B. N. I  + + (14) + (21) - - - 100.00 0.00 
22 HQ115715.1 Pseudogymnoascus 
roseus 
- - - + + (33) + (44) 0.00 100.00 
24 *B. N. I  - - - + + (35) + (46) 0.00 100.00 
26 HM146894.
1 
Wilcoxina sp. - - - + + (37) + (48) 0.00 100.00 
27 *B. N. I  - - - + + (38) + (49) 0.00 100.00 
28 HQ392617.1 Eukaryota, Fungi 212b - - - + + (39) + (50) 0.00 100.00 
29 DQ068356.1 Eukaryota, Fungi V-F6 -   + +(40) + (51) 0.00 100.00 
30 HQ115717.1 Devriesia sp. NG_p52 -   + +(41) + (52) 0.00 100.00 
31 *B. N. I  -   + + (42) + (53) 0.00 100.00 
32 DQ402527.1 Geomyces LC-03-010 -   + + (43) + (54) 0.00 100.00 
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Table 4.2d: Maximum identity, query coverage and taxonomic information about the species of fungi 
(Ascomycetes) from the patches invaded and uninvaded by Sambucus wightiana.  
 
 
Band 
No. 
Accession 
number 
Query 
coverage % 
Maximum 
identity% 
Classification  
1 EF458013.1 100 91 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Pezizomycetes, Pezizales, 
Pyronemataceae, environmental sample, Wilcoxina  sp. R3193 
2 AB517942.1 
 
100 97 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Leotiomycetes, Leotiomycetes 
incertae sedis, Myxotrichaceae, Mitosporic Myxotrichaceae, Geomyces pannorum var. 
pannorum  
3 DQ888721.1 100 95 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Eurotiomycetes, 
Eurotiomycetidae, Onygenales, Mitosporic Onygenales, Chrysosporium merdarium. 
4 AJ608972.1 100 90 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Leotiomycetes, Leotiomycetes 
incertae sedis, Myxotrichaceae, Mitosporic Myxotrichaceae, Geomyces vinaceus 
5 AY345348.1 
 
100 88 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Leotiomycetes, Leotiomycetes 
incertae sedis, Myxotrichaceae, Mitosporic Myxotrichaceae, Geomyces  sp. T489/9b 
6 DQ069001.1 
 
97 90 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Pezizomycetes, Pezizales, 
Pyrenomycetaceae, Wilcoxina rehmii 
22 HQ115715.1 100 86 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Leotiomycetes, Leotiomycetes 
incertae sedis, Myxotrichaceae, Pseudogymnoascus roseus 
26 HM146894.1 
 
100 91 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Pezizomycetes, Pezizales, 
Pyronemataceae, environmental sample, uncultured Wilcoxina sp. 
28 HQ392617.1 100 89 Eukaryota, Fungi sp. 212b 
29 DQ068356.1 91 91 Eukaryota, Fungi  V-F6 
30 HQ115717.1 97 91 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Dothideomycetes, 
Dothideomycetidae, Capnodiales, Mitosporic Capnodiales, Devriesia sp. NG_p52 
32 DQ402527.1 
 
83 97 Eukaryota, Fungi, Dikarya, Ascomycota, Pezizomycotina, Leotiomycetes, Leotiomycetes 
incertae sedis, Myxotrichaceae, Mitosporic Myxotrichaceae, Geomyces-LC-03-010 
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Table 4.2e: Frequency and identity of the species of fungi (Basidiomycetes) (as revealed after blast analysis of 
DGGE bands) at the three patches invaded by Sambucus wightiana and their respective uninvaded 
(control) patches. 
Band 
No. 
Accession 
number 
Species  Invaded                     
 SI      SII      SIII 
Uninvaded 
 SI           SII          SIII 
Frequency (%)  
Invaded       Uninvaded 
1 FJ770403.1 Agaricus pinsitus + + (9) + (17) - - - 100.00 0.00 
2 EF060006.1 Ganoderma lipsience + + (10) + (18) - - - 100.00 0.00 
3 DQ097889.1 Ceratobasidium sp. AG-G + + (11) + (19) - - - 100.00 0.00 
4 EU057092.2 Laccaria sp. + + (12) + (20) - - - 100.00 0.00 
5 FJ197949.1 Ganoderma sp. + + (13) + (21) - - - 100.00 0.00 
6 GU328599.1 Basideomycota fungi + + (14) + (22) - - - 100.00 0.00 
7 FJ845416.1 Laccaria laccata + + (15) + (23) - - - 100.00 0.00 
8 FJ845417.1 Laccaria bicolor + + (16) + (24) +(30) +(36) + (42) 100.00 100.00 
25 DQ097876.1 Cortinarius callisteus - - - + + (31) + (37) 0.00 100.00 
26 EU486434.1 Laccaria montana - - - + + (32) + (38) 0.00 100.00 
27 AB269929.1 Lyophyllum  decastes - - - + + (33) + (39) 0.00 100.00 
28 AF539737.1 Laccaria amethystea - - - + + (34) + (40) 0.00 100.00 
29 DQ822818.1 Laccaria cf.proxima - - - + + (35) + (41) 0.00 100.00 
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Table 4.2f: Maximum identity, query coverage and taxonomic information on the species of fungi (Basidiomycetes) 
from the patches invaded and uninvaded by Sambucus wightiana. 
Band 
No. 
Accession 
number 
Query 
coverage % 
Maximum 
identity% 
Classification  
1 FJ770403.1 
 
70 80 Eukaryota, Fungi, Dikarya, Basidiomycota, Agaromycotina, Agaromycetes, 
Agaromycetedae, Agaricales, Agaricaceae, Agaricus pinsitus 
2 EF060006.1 
 
92 94 Eukaryota, Fungi, Dikarya,  Basidiomycota, Agaromycotina, Agaromycetes, 
Polyporales, Ganodermataceae, Ganoderma lipsience 
3 DQ097889.1 
 
86 89 Eukaryota, Fungi, Dikarya,  Basidiomycota, Agaromycotina, Agaromycetes, 
Cantharellales, Ceratobasidiaceae, Ceratobasidium sp. AG-G 
4 EU057092.2 
 
100 99 Eukaryota, Fungi, Dikarya,  Basidiomycota, Agaromycotina, Agaromycetes, 
Agaromycetidae, Agaricales, Tricholomataceae, uncultured Laccaria 
sp.Environmental sample 
5 FJ197949.1 
 
97 99 Eukaryota, Fungi, Dikarya,  Basidiomycota, Agaromycotina, Agaromycetes, 
Polyporales, Ganodermataceae, uncultured Ganoderma sp. Enivronmental sample 
6 GU328599.1 98 94 Eukaryota, Fungi, Dikarya,  Basidiomycota,  Environmental sample 
7 FJ845416.1 
 
100 97 Eukaryota, Fungi, Dikarya,  Basidiomycota,  Agaromycotina, Agaromycetes, 
Agaromycetidae, Agaricales, Tricholomataceae, Laccaria laccata 
8 FJ845417.1 
 
100 98 Eukaryota, Fungi, Dikarya,  Basidiomycota, Agaromycotina, Agaromycetes, 
Agaromycetidae, Agaricales, Tricholomataceae, Laccaria bicolor 
25 DQ097876.1 
 
100 97 Eukaryota, Fungi, Dikarya,  Basidiomycota, Agaromycotina, Agaromycetes, 
Agaromycetidae, Agaricales, Cortinariaceae, Cortinarius callisteus 
26 EU486434.1 
 
99 97 Eukaryota, Fungi, Dikarya,  Basidiomycota, Agaromycotina, Agaromycetes, 
Agaromycetidae, Agaricales, Tricholomataceae, Laccaria montana 
27 AB269929.1 
 
81 96 Eukaryota, Fungi, Dikarya,  Basidiomycota, Agaromycotina, Agaromycetes, 
Agaromycetidae, Agaricales, Lyophyllaceae, Lyophyllum decastes 
28 AF539737.1 
 
99 96 Eukaryota, Fungi, Dikarya,  Basidiomycota, Agaromycotina, Agaromycetes, 
Agaromycetidae, Agaricales, Tricholomataceae, Laccaria amethystea 
29 DQ822818.1 
 
100 95 Eukaryota, Fungi, Dikarya,  Basidiomycota, Agaromycotina, Agaromycetes, 
Agaromycetidae, Agaricales, Tricholomataceae, Laccaria cf.proxima 
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Impact on soil microbial numbers 
Plate counts of bacteria 
Soil bacteria were stimulated in the patches invaded by C. canadensis, 
particularly during its pre-flowering stage of growth.  A mixed response, however, 
was noticed at the subsequent stages of growth of C. canadensis across different 
study sites (Figures 4.3a; 4.3b and 4.3c). Number of soil bacteria was significantly 
influenced  by site (F2,36 = 64.345; P≤ 0.0001), stage of growth of invasive species 
(F2,36  = 369.934; P≤ 0.0001) and invasion (F1, 36 = 112.761; P≤ 0.0001) and the 
interaction between these factors (Tables 4.3a and 4.3b). Standard Error of 
Difference (SED) between the treatment means revealed that invasion by C. 
canadensis significantly increased the number of soil bacteria and significant 
differences in the number of bacteria were apparent across different study sites and 
at various stages of growth.  
With respect to invasion by S. wightiana, number of soil bacteria did not 
show a consistent response, neither across study sites nor at various stages of 
growth of the invasive species. As is evident from the data (Figures 4.4a; 4.4b and 
4.4c) increase in number of bacteria in the invaded patches in comparison to 
corresponding uninvaded (control) patches was recorded at Sites I and II during 
pre-flowering stage of growth of S. wightiana. Likewise, increase in number of 
bacteria in the invaded patches was recorded at Sites II and III during the 
flowering stage also and during post-flowering stage at Site I. Decrease in number 
of bacteria due to invasion by S. wightiana was recorded at Site III during pre-
flowering stage, at Site I during flowering stage and at Sites II and III during post-
flowering stage. Analysis of variance of the data revealed that site (F2, 36 = 6.906; 
P≤ 0.003), stage of plant growth (F2, 36 =1533. 399; P≤0.0001), invasion (F1, 36 = 
17.729; P≤ 0.0001) as well as interaction between these factors was significant in 
bringing about the observed effect (Table 4.4a). Analysis of main effects through 
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SED revealed that invaded patches had significantly higher number of soil bacteria 
than uninvaded (control) patches. Number of bacteria also differed significantly 
across sites and various stages of growth (Table 4.4b).  
Site and stage specific response of bacterial numbers was also obtained in 
response to invasion by A. cotula. In comparison to uninvaded (control) patches, 
number of bacteria registered an increase in the invaded patches at Site II during 
pre-flowering stage, at Sites I and III during flowering stage and at Sites I and II 
during post-flowering stage. However, reduction in the number of bacteria due to 
A. cotula invasion was recorded at Site I during pre-flowering stage, Site II during 
flowering stage and at Site III during pre-flowering and post-flowering stages.  
Analysis of variance of the data revealed that site (F2, 36 = 312.452; P≤ 0.0001), 
stage of growth of the invasive species (F2,36 = 176. 222; 0.0001) and  invasion (F1, 
36= 21.622; P≤ 0.0001) as well as the interaction between these factors 
significantly affected soil bacterial numbers in the invaded patches (Table 4.5a). 
Computation of main effects through SED revealed that invasion of A. cotula 
significantly increased soil bacterial numbers and significant variations in number 
of bacteria was also recorded at different stages of growth of A. cotula and across 
various study sites (Table 4.5b).  
An overall analysis of the data revealed that the number of bacteria 
increased by 8.57% in the patches invaded by C. canadensis in comparison to 
uninvaded control patches.  Likewise, S. wightiana as well as A. cotula invaded 
patches also showed increase in bacterial number by 3.09% and 3.44%, 
respectively (Figure 4.5d) as compared to their respective uninvaded (control) 
patches. However, the three species did not differ significantly in influencing the 
number of soil bacteria (Table 4.33). 
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Figure 4.3: Number of soil bacteria (mean±SE) in Conyza canadensis invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.3a: ANOVA results for the effects of Conyza canadensis, stages of its growth, site and their 
interactions on number of soil bacteria. 
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  905.593 2 452.796 64.345 .000 
Stage of plant growth  5206.481 2 2603.241 369.934 .000 
Treatment 793.500 1 793.500 112.761 .000 
Site x Stage of plant growth 3186.185 4 796.546 113.193 .000 
Site x  Treatment 1102.111 2 551.056 78.308 .000 
Stage of plant growth x  
Treatment 
3937.000 2 1968.500 279.734 .000 
Site x Stage of plant growth x  
Treatment 
1635.222 4 408.806 58.093 .000 
Error  253.333 36 7.037   
Total  529967.000 54    
Ph. D Thesis 
 
125 
 
Table 4.3b: Number of soil bacteria [g
-1
 dry soil x 10
4
 (mean± SE)] in Conyza 
canadensis invaded and uninvaded (control) patches during pre-
flowering, flowering and post-flowering stages of growth at different 
study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  137.33± 1.202 
Uninvaded 95.00± 2.646 
Flowering Invaded 113.00± 0.577 
Uninvaded 98.33 ± 0.333 
Post-flowering Invaded  80.33± 1.453 
Uninvaded 95.33± 1.856 
SII Pre-flowering Invaded  116.00± 2.082 
Uninvaded 87.33± 1.666 
Flowering Invaded 75.67± 1.200 
Uninvaded 83.00± 1.155 
Post-flowering Invaded  111.67 ± 0.882 
Uninvaded 90.67± 1.202 
SIII Pre-flowering Invaded  127.67± 2.028 
Uninvaded 103.67± 2.028 
Flowering Invaded 74.33± 0.882 
Uninvaded 87.67± 1.333 
Post-flowering Invaded  75.67± 1.666 
Uninvaded 101.67± 1.453 
SED (Site x Stage x Treatment)=2.1659 
Treatment Main Effect 
Site Stage of Plant Growth  Treatment 
Site I       103.22 Pre-flowering     111.17 Invaded          101.30 
Site II      94.06 Flowering           88.67 Uninvaded     93.30 
Site III     95.11 Post-flowering    92.56  
SED=0.8842 SED=0.8842 SED=0.722 
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Figure 4.4: Number of soil bacteria (mean±SE) in Sambucus wightiana invaded 
and uninvaded (control) patches during (a) pre-flowering, (b) flowering 
and (c) post-flowering stages of growth at different study sites. 
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Table 4.4a: ANOVA results for the effects of Sambucus wightiana, stages of its growth, site and their 
interactions on number of soil bacteria.  
Source Type III sum 
of squares 
df Mean square F Sig. 
Site  92.333 2 46.167 6.906 .003 
Stage of plant growth  20502.111 2 10251.056 1533.399 .000 
Treatment 118.519 1 118.519 17.729 .000 
Site x Stage of plant growth 15005.556 4 3751.389 561.150 .000 
Site x  Treatment 806.481 2 403.241 60.319 .000 
Stage of plant growth x  
Treatment 
967.370 2 483.685 72.352 .000 
Site x Stage of plant growth x  
Treatment 
3910.296 4 977.574 146.230 .000 
Error  240.667 36 6.685   
Total  555566.000 54    
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Table 4.4b: Number of soil bacteria [g
-1
 dry soil x 10
4
 (mean± SE)] 
in Sambucus wightiana invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  130.67± 1.617 
Uninvaded 89.33± 1.617 
Flowering Invaded 49.33± 1.21 
Uninvaded 63.0± 1.527 
Post-flowering Invaded  131.0± 1.522 
Uninvaded 120.33± 0.664 
SII Pre-flowering Invaded  144.0± 2.08 
Uninvaded 139.0± 2.08 
Flowering Invaded 80.0± 1.15 
Uninvaded 58.0± 1.53 
Post-flowering Invaded  67.67± 1.45 
Uninvaded 88.0± 0.997 
SIII Pre-flowering Invaded  95.67±  2.4 
Uninvaded 114.0± 2.08 
Flowering Invaded 98.67± 0.792 
Uninvaded 81.33± 1.453 
Post-flowering Invaded  94.33± 1.198 
Uninvaded 111.67± 0.879 
SED (Site x Stage x Treatment)=2.11 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I        97.278 Pre-flowering      71.722 Invaded          99.037 
Site II       96.111 Flowering           102.167 Uninvaded    96.074 
Site III      99.278 Post- flowering   118.778  
SED=0.861 SED=0.861 SED=0.704 
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Figure 4.5: Number of soil bacteria (mean±SE) in Anthemis cotula invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.5a: ANOVA results for the effects of Anthemis cotula, stages of its growth, site and their interactions 
on number of soil bacteria.  
Source  Type III sum 
of squares 
df Mean square F Sig.  
Site  4628.926 2 2314.463 312.452 .000 
Stage of plant growth  2610.704 2 1305.352 176.222 .000 
Treatment 160.167 1 160.167 21.622 .000 
Site x Stage of plant growth 6108.296 4 1527.074 206.155 .000 
Site x  Treatment 1027.444 2 513.722 69.352 .000 
Stage of plant growth x  
Treatment 
61.444 2 30.722 4.147 .024 
Site x Stage of plant growth x  
Treatment 
6471.111 4 1617.778 218.400 .000 
Error  266.667 36 7.407   
Total  580909.000 54    
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Table 4.5b: Number of soil bacteria [g
-1
 dry soil x 10
4
 (mean± SE)] 
in Anthemis cotula invaded and uninvaded (control) patches during 
pre-flowering, flowering and post-flowering stages of growth at 
different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  77.33± 3.408 
Uninvaded 98.67± 1.453 
Flowering Invaded 118.00± 1.528 
Uninvaded 95.67± 1.453 
Post-flowering Invaded  105.67± 2.848 
Uninvaded 77.00± 1.528 
SII Pre-flowering Invaded  115.00± 1.155 
Uninvaded 76.67± 1.202 
Flowering Invaded 77.67± 0.882 
Uninvaded 104.33± 1.764 
Post-flowering Invaded  106.67± 0.882 
Uninvaded 90.33± 0.882 
SIII Pre-flowering Invaded  125.67± 0.333 
Uninvaded 137.67± 1.333 
Flowering Invaded 132.00± 1.155 
Uninvaded 121.00± 0.577 
Post-flowering Invaded  73.67± 1.453 
Uninvaded 99.33± 1.199 
SED (Site x Stage x Treatment)=2.222 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I         95.389 Pre-flowering     105.167 Invaded         103.518 
Site II        95.111 Flowering           108.111 Uninvaded   100.074 
Site III      114.889 Post-flowering    92.111  
SED=0.907 SED=0.907 SED=0.741 
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Figure 4.5d: Percent increase in the number of soil bacteria in the sites 
invaded by Conyza canadensis, Sambucus wightiana and Anthemis 
cotula. 
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Plate counts of fungi 
  Perusal of the data (Figure 4.6a; 4.6b and 4.6c) revealed that invasion by 
C. canadensis consistently reduced plate counts (colony forming units) of fungi 
across the study sites and stages of growth of C. canadensis, except at Site I 
during flowering stage of growth when higher plate count of fungi was recorded in 
the invaded patches compared to uninvaded control patches (Tables 4.13a and 
4.13b). Number of colony forming units of fungi was significantly affected by the 
site (F2,36 = 53.564; P ≤ 0.0001), stage of growth (F2,36 = 4.179; P ≤ 0.023), and 
invasion (F1,36 = 121.034; P ≤ 0.0001) and their interactive effects (Table 4.6a). 
Computation of SED revealed that invasion by C. canadensis significantly 
reduced plate counts of fungi. Besides, significant site-specific variations in the 
colony forming units was also evident (Table 4.6b).   
Comparison of the plate counts of fungi at the patches invaded and 
uninvaded (control) by S. wightiana (Figures 4.7a; 4.7b and 4.7c) revealed that 
invasion due to this species brought about increase in the plate counts of fungi 
during pre-flowering and flowering stages of growth at all the three study sites. 
But during post-flowering stage the plate counts of fungi registered a decline 
across all the study sites. Statistical treatment of the data revealed that the impact 
due to site (F2,36 = 66.950; P  ≤ 0.0001), stage of plant growth (F2,36 = 94.807; P ≤  
0.0001)  and invasion  (F1, 36 = 31.114; P ≤ 0.0001) and the interaction between 
these factors was statistically significant. Perusal of the treatment main effects 
analysed through SED revealed that invasion significantly increased soil fungal 
numbers. Significant variations in the number of colony forming units were 
recorded across sites and stages of growth of S. wightiana (Tables 4.7a and 4.7b).  
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Figure 4.6: Number of colony forming units of soil fungi (mean± SE) in Conyza 
canadensis invaded and uninvaded (control) patches during (a) pre-
flowering, (b) flowering and (c) post-flowering stages of growth at 
different study sites. 
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Table 4.6a: ANOVA results for the effects of Conyza canadensis, stages of its growth, site and their 
interactions on number of soil fungi. 
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  232.111 2 116.056 53.564 .000 
Stage of plant growth  18.111 2 9.056 4.179 .023 
Treatment 262.241 1 262.241 121.034 .000 
Site x Stage of plant growth 554.778 4 138.694 64.013 .000 
Site x  Treatment 152.704 2 76.352 35.239 .000 
Stage of plant growth x  
Treatment 
66.259 2 33.130 15.291 .000 
Site x Stage of plant growth x  
Treatment 
99.296 4 24.824 11.457 .000 
Error  78.000 36 2.167   
Total  17377.000 54    
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Table 4.6b: Number of soil fungi [g
-1
 dry soil x 10
4
 (mean± SE)] in Conyza 
canadensis invaded and uninvaded (control) patches during pre-
flowering, flowering and post-flowering stages of growth at different 
study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  16.33± 0.333 
Uninvaded 19.33± 0.333 
Flowering Invaded 23.33± 1.202 
Uninvaded 17.33± 0.882 
Post-flowering Invaded  20.33± 1.203 
Uninvaded 22.33± 1.453 
SII Pre-flowering Invaded  11.33± 0.333 
Uninvaded 15.00± 0.00 
Flowering Invaded 8.33± 0.333 
Uninvaded 13.00± 0.577 
Post-flowering Invaded  14.00± 1.155 
Uninvaded 27.00± 1.527 
SIII Pre-flowering Invaded  16.67± 0.667 
Uninvaded 20.67± 0.667 
Flowering Invaded 16.00± 0.577 
Uninvaded 24.00± 0.577 
Post-flowering Invaded  8.33± 0.882 
Uninvaded 15.67± 0.667 
SED (Site x Stage x Treatment)=1.2019 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I           19.83 Pre-flowering     16.56 Invaded           14.96 
Site II          14.78 Flowering           17.00 Uninvaded      19.37 
Site III        16.89 Post-flowering    17.94  
SED=0.4907 SED=0.4907 SED=0.4006 
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Figure 4.7: Number of colony forming units of soil fungi (mean±SE) in Sambucus 
wightiana invaded and uninvaded (control) patches during (a) pre-
flowering, (b) flowering and (c) post-flowering stages of growth at 
different study sites. 
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Table 4.7a: ANOVA results for the effects of Sambucus wightiana, stages of its growth, site and their 
interactions on number of soil fungi. 
Source  Type III sum 
of squares  
df Mean square F  Sig.  
Site  347.148 2 173.574 66.950 .000 
Stage of plant growth  491.593 2 245.796 94.807 .000 
Treatment 80.667 1 80.667 31.114 .000 
Site x Stage of plant growth 218.852 4 54.713 21.104 .000 
Site x  Treatment 166.333 2 83.167 32.079 .000 
Stage of plant growth x  
Treatment 
420.778 2 210.389 81.150 .000 
Site x Stage of plant growth x  
Treatment 
113.889 4 28.472 10.982 .000 
Error  93.333 36 2.593   
Total  11964.000 54    
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Table 4.7b: Number of soil fungi [g
-1
 dry soil x 10
4
 (mean± SE)] in Sambucus 
wightiana invaded and uninvaded (control) patches during pre-
flowering, flowering and post-flowering stages of growth at different 
study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  24.0± 1.15 
Uninvaded 21.33± 0.866 
Flowering Invaded 17.67± 0.882 
Uninvaded 8.0±0.577 
Post-flowering Invaded  11.33± 0.332 
Uninvaded 20.0± 1.151 
SII Pre-flowering Invaded  26.67± 0.664 
Uninvaded 11.0± 0.58 
Flowering Invaded 15.33± 2.19 
Uninvaded 8.33± 0.333 
Post-flowering Invaded  7.33± 0.332 
Uninvaded 8.33± 0.332 
SIII Pre-flowering Invaded  13.0± 2.53 
Uninvaded 11.33± 0.353 
Flowering Invaded 10.0± 3.482 
Uninvaded 8.3± 0.666 
Post-flowering Invaded  8.3± 0.332 
Uninvaded 15.0± 0.57 
SED (Site x Stage x Treatment) =1.732 
Treatment Main Effect 
Site Stage  of Plant Growth Treatment  
Site I         17.06 Pre-flowering      11.28 Invaded        14.85 
Site II        12.83 Flowering            11.72 Uninvaded   12.41 
Site III       11.0 Post-flowering     17.89  
SED=0.537 SED=0.537 SED=0.438 
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Response of colony forming units of fungi to invasion by A. cotula was also 
stage and site specific (Figures 4.8a; 4.8b and 4.8c). Except for increase at Sites I 
and II during pre-flowering stage, Site I during flowering stage and Site III during 
post-flowering stage, number of colony forming units of fungi was reduced in the 
invaded patches in comparison to their respective uninvaded (control) patches. 
Though site-specific differences in the number of colony forming units of fungi 
was significant (F2,36  = 10.63; P ≤ 0.001), number of cfu‘s was not significantly 
different at different stages of growth of A. cotula and amongst the invaded and 
uninvaded patches (Table 4.8a). Computation of the SED (Table 4.8b) also 
revealed similar results.  
Evaluation of the impact in terms of overall per cent increase/decrease 
brought out that invasion by C. canadensis resulted in significant decrease by 
about 22.76% in the number of colony forming units of fungi in the invaded 
patches as compared to corresponding uninvaded (control) patches.  On the 
contrary, invasion of S. wightiana increased soil fungal numbers by 19.71%. A. 
cotula like C. canadensis also decreased plate counts of fungi by 2.38% (Figure 
4.8d). The three invasive plant species differed significantly in their impact on soil 
fungal numbers (F2, 78 = 7.54; P≤ 0.001) (Table 4.33).  
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Figure 4.8: Number of colony forming units of soil fungi (mean±SE) in Anthemis 
cotula invaded and uninvaded (control) patches during (a) pre-flowering, 
(b) flowering and (c) post-flowering stages of growth at different study 
sites. 
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Table 4.8a: ANOVA results for the effects of Anthemis cotula, stages of its growth, site and their interactions 
on number of soil fungi. 
Source  Type III sum 
of squares 
df Mean square F Sig.  
Site  54.333 2 27.167 10.630 .000 
Stage of plant growth  13.778 2 6.889 2.696 .081 
Treatment 1.852 1 1.852 .725 .400 
Site x Stage of plant growth 113.556 4 28.389 11.109 .000 
Site x  Treatment 167.148 2 83.574 32.703 .000 
Stage of plant growth x  
Treatment 
53.926 2 26.963 10.551 .000 
Site x Stage of plant growth x  
Treatment 
481.407 4 120.352 47.094 .000 
Error  92.000 36 2.556   
Total  13674.000 54    
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Table 4.8b: Number of soil fungi [g
-1
 dry soil x 10
4
 (mean± SE)] in Anthemis 
cotula invaded and uninvaded (control) patches during pre-
flowering, flowering and post-flowering stages of growth at different 
study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean ± SE 
SI Pre-flowering Invaded  21.33± 0.667 
Uninvaded 11.33± 0.667 
Flowering Invaded 18.00± 1.155 
Uninvaded 13.00± 1.00 
Post-flowering Invaded  16.33± 0.333 
Uninvaded 17.67± 0.667 
SII Pre-flowering Invaded  17.33± 0.667 
Uninvaded 11.67± 0.882 
Flowering Invaded 11.67± 1.2 
Uninvaded 14.67± 1.333 
Post-flowering Invaded  7.67± 0.333 
Uninvaded 20.67± 0.882 
SIII Pre-flowering Invaded  10.67± 0.333 
Uninvaded 20.33± 1.453 
Flowering Invaded 17.67± 0.882 
Uninvaded 20.33± 1.102 
Post-flowering Invaded  15.67± 0.882 
Uninvaded 10.00± 1 
SED (Site x Stage x Treatment)=1.3053 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I          16.28 Pre-flowering    15.44 Invaded            15.15 
Site II         13.94 Flowering          15.89 Uninvaded      15.52 
Site III       15.78 Post-flowering   14.67  
SED=0.5329 SED=0.5329 SED=0.43512 
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Figure 4.8d: Percent increase/ decrease in number of colony forming units of 
soil fungi in the sites invaded by Conyza canadensis, Sambucus 
wightiana and Anthemis cotula. 
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Impact on soil functional characteristics 
Impact of the three invasive plant species, namely C. canadensis, S. 
wightiana and A. cotula on soil functional characteristics was worked out through 
the estimation of soil microbial biomass, soil microbial activity and activity of 
various soil enzymes in the invaded and their respective uninvaded (control) 
patches at various stages of the growth of the three plant species.   
Soil microbial biomass 
 In comparison to uninvaded (control) patches,  invasion by C. canadensis 
brought about a decline in the soil microbial biomass irrespective of the stage of 
growth of the species and study sites, except at Site I during the post-flowering 
stage (Figures 4.9a; 4. 9b and 4. 9c). Statistical treatment of the data revealed that 
the impact of each of the individual factors viz., site (F2,36  = 4291. 430; P ≤ 
0.0001), stage of plant growth (F2,36  = 1541. 278; P ≤ 0.0001) and invasion (F1, 36 
= 8746. 429; P ≤ 0.0001) as well as interaction between them on the soil microbial 
biomass were statistically significant (Table 4.9a). As revealed by computation of 
SED, C. canadensis invasion significantly reduced soil microbial biomass, 
although significant variations in the soil microbial biomass were also evident 
across study the sites and stages of growth of C. canadensis (Table 4.9b).  
S. wightiana invasion consistently increased soil microbial biomass at Sites 
I and III irrespective of the stage of growth of the invasive species. But decrease in 
soil microbial biomass was noticed at Site II at different stages of growth of the 
invasive species (Figures 4. 10a; 4. 10b and 4. 10c). Statistical treatment of the 
data revealed that site (F2,36  = 9313; P ≤ 0.0001), stage of plant growth (F2,36  = 
9463; P ≤  0.0001) and invasion (F1, 36 = 8092; P ≤ 0.0001) and the interactive 
effect of these factors had significant effect on soil microbial biomass (Table 
4.10a). Computation of SED brought to light significant increase in soil microbial 
biomass in the S. wightiana invaded patches as compared to uninvaded control 
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patches, significant site and stage specific difference in soil microbial biomass was 
also evident (Table 4.10b). 
Response of soil microbial biomass to invasion by A. cotula was site and 
stage of growth specific (Figures 4. 11a; 4. 11b and 4. 11c). While increase in total 
soil microbial biomass was recorded across all the stages of growth at Site I, 
decline was obtained at Site II. At Site III, increase in soil microbial biomass was 
evident during flowering and post-flowering stages, but it was reduced at Site III 
during pre-flowering stage. Statistical treatment of the data revealed that each of 
the individual factors viz. site (F2,36  = 2986. 374; P ≤ 0.0001), stage of plant 
growth (F2,36 = 165.784; P ≤ 0.0001) and invasion (F1, 36 = 5.043; P ≤ 0.031) as 
well their interaction was statistically significant in influencing soil microbial 
biomass (Tables 4.11a). Computation of SED revealed that soil microbial biomass 
varied in response to invasion by A. cotula, site characteristics and stage of growth 
of the invasive species (Table 4.11b).  
C. canadensis invasion reduced soil microbial biomass by about 7.73%, 
while S. wightiana increased it by 4.35% in invaded patches in comparison to 
uninvaded (control) patches. A marginal decrease by 0.16% in the soil microbial 
biomass was observed in the patches invaded by A. cotula compared to the 
uninvaded (control) patches (Figure 4.11d). The three plants differed in their 
impact statistically significantly (F2. 78 =11.66; P≤ 0.0001). Computation of SED 
also revealed that soil microbial biomass was significantly influenced by the 
invasion by the three invasive species (Table 4.33).  
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Figure 4.9: Soil microbial biomass (mean±SE) in Conyza canadensis invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.9a: ANOVA results for the effects of Conyza canadensis, stages of its growth, site and their 
interactions on soil microbial biomass. 
Source  Type III sum of 
squares 
df Mean square F Sig.  
Site  6424.464 2 3212.232 4291.430 .000 
Stage of plant growth  2307.362 2 1153.681 1541.278 .000 
Treatment 6546.898 1 6546.898 8746.429 .000 
Site x Stage of plant growth 5631.628 4 1407.907 1880.915 .000 
Site x  Treatment 43.764 2 21.882 29.233 .000 
Stage of plant growth x  
Treatment 
3399.892 2 1699.946 2271.069 .000 
Site x Stage of plant growth x  
Treatment 
1209.929 4 302.482 404.106 .000 
Error  26.947 36 .749   
Total  4074928.685 54    
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Table 4.9b: Soil microbial biomass [μg C g
-1
 dry soil (mean± SE)] in Conyza 
canadensis invaded and uninvaded (control) patches during pre-
flowering, flowering and post-flowering stages of growth at different 
study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean ± SE 
SI Pre-flowering Invaded  239.79± 0.424 
Uninvaded 288.17± 0.623 
Flowering Invaded 245.59± 0.757 
Uninvaded 275.42± 0.744 
Post-flowering Invaded  274.07± 0.141 
Uninvaded 255.70± 0.234 
SII Pre-flowering Invaded  276.42± 0.652 
Uninvaded 310.92± 0.543 
Flowering Invaded 255.92± 0.754 
Uninvaded 287.98± 0.448 
Post-flowering Invaded  239.92± 0.552 
Uninvaded 246.36± 0.102 
SIII Pre-flowering Invaded  278.44± 0.330 
Uninvaded 301.07± 0.362 
Flowering Invaded 268.87± 0.422 
Uninvaded 300.57± 0.704 
Post-flowering Invaded  286.42± 0.004 
Uninvaded 297.46± 0.045 
SED (Site x Stage x Treatment)=0.7066 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I       263.124 Pre-flowering    282.469 Invaded        262.828 
Site II      269.587 Flowering          272.393 Uninvaded    284.90 
Site III    288.806 Post-flowering   266.655  
SED=0.288 SED=0.288 SED=0.2355 
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Figure 4.10: Soil microbial biomass (mean±SE) in Sambucus wightiana invaded 
and uninvaded (control) patches during (a) pre-flowering, (b) flowering 
and (c) post-flowering stages of growth at different study sites. 
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Table 4.10a: ANOVA results for the effects of Sambucus wightiana, stages of its growth, site and their 
interactions on soil microbial biomass. 
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  11715.657 2 5857.829 9313.448 .000 
Stage of plant growth  11904.778 2 5952.389 9463.791 .000 
Treatment 5090.196 1 5090.196 8092.977 .000 
Site x Stage of plant growth 4711.233 4 1177.808 1872.615 .000 
Site x  Treatment 11246.770 2 5623.385 8940.702 .000 
Stage of plant growth x  
Treatment 
304.982 2 152.491 242.448 .000 
Site x Stage of plant growth x  
Treatment 
1861.539 4 465.385 739.922 .000 
Error  22.643 36 .629   
Total  11240695.138 54    
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Table 4.10b: Soil microbial biomass [μg C g
-1
 dry soil (mean± SE)] 
in Sambucus wightiana invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean ± SE 
SI Pre-flowering Invaded  457.04± 0.106 
Uninvaded 397.8± 0.16 
Flowering Invaded 479.02± 0.049 
Uninvaded 400.7± 0.035 
Post-flowering Invaded  469.15± 0.578 
Uninvaded 436.08± 0.548 
SII Pre-flowering Invaded  401.56± 0.958 
Uninvaded 425.13± 0.416 
Flowering Invaded 453.30± 0.315 
Uninvaded 465.59± 0.231 
Post-flowering Invaded  477.36± 0.514 
Uninvaded 481.54± 0.135 
SIII Pre-flowering Invaded  478.45± 0.768 
Uninvaded 451.67± 0.606 
Flowering Invaded 483.76±  0.169 
Uninvaded 476.56±  0.211 
Post-flowering Invaded  485.38±0.308 
Uninvaded 475.21±0.557 
SED (Site x Stage x Treatment) =0. 647 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I       439.96 Pre-flowering     435.27 Invaded         465.00 
Site II      450.75 Flowering          459.82 Uninvaded   445.58 
Site III     475.17 Post-flowering   470.79  
SED=0.264 SED=0.264 SED=0.216 
Ph. D Thesis 
 
153 
 
 
 
 
Figure 4.11: Soil microbial biomass (mean±SE) in Anthemis cotula invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.11a: ANOVA results for the effects of Anthemis cotula, stages of its growth, site and their interactions 
on soil microbial biomass. 
Source  Type III sum 
of squares  
df Mean square F Sig.  
Site  3340.806 2 1670.403 2986.374 .000 
Stage of plant growth  185.460 2 92.730 165.784 .000 
Treatment 2.821 1 2.821 5.043 .031 
Site x Stage of plant growth 91.964 4 22.991 41.104 .000 
Site x  Treatment 6111.008 2 3055.504 5462.681 .000 
Stage of plant growth x  
Treatment 
7982.363 2 3991.182 7135.501 .000 
Site x Stage of plant growth x  
Treatment 
2831.518 4 707.879 1265.559 .000 
Error  20.136 36 .559   
Total  3991939.691 54    
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Table 4.11b: Soil microbial biomass [μg C g
-1
 dry soil (mean± SE)] 
in Anthemis cotula invaded and uninvaded (control) patches during 
pre-flowering, flowering and post-flowering stages of growth at 
different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  278.61± 0.631 
Uninvaded 258.74± 0.444 
Flowering Invaded 287.47± 0.060 
Uninvaded 244.27± 0.011 
Post-flowering Invaded  278.43± 0.043 
Uninvaded 256.63± 0.143 
SII Pre-flowering Invaded  238.88± 0.361 
Uninvaded 298.58± 0.666 
Flowering Invaded 259.94± 0.953 
Uninvaded 265.97± 0.482 
Post-flowering Invaded  259.59± 0.199 
Uninvaded 261.42± 0.293 
SIII Pre-flowering Invaded  252.91± 0.283 
Uninvaded 314.78± 0.594 
Flowering Invaded 298.60± 0.483 
Uninvaded 266.13± 0.928 
Post-flowering Invaded  284.21± 0.279 
Uninvaded 276.27± 0.070 
SED (Site x Stage x Treatment)=0.610 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I       267.359 Pre-flowering    273.750 Invaded           270.961 
Site II      264.061 Flowering          270.395 Uninvaded     271.418 
Site III     282.149 Post-flowering   269.424  
SED=0.249 SED=0.249 SED=0.203 
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Figure 4.11d: Percent increase/ decrease in the soil microbial biomass in the 
sites invaded by Conyza canadensis, Sambucus wightiana and 
Anthemis cotula. 
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Soil microbial activity  
In response to invasion by C. canadensis, soil microbial activity, more or 
less, decreased consistently irrespective of site and stage of growth of the invasive 
species (Figures 4.12a; 4.12b and 4.12c), except during pre-flowering stage at Site 
I where microbial activity registered an increase. Stage of plant growth (F2,36 = 
36.166; P ≤ 0.0001) and invasion (F1, 36 = 437. 422; P ≤ 0.0001) and interaction 
between the factors were statistically significant in affecting soil microbial activity 
(Table 4.12a). Computation of SED revealed that significant stimulation in soil 
microbial activity was obtained in C. canadensis invaded patches compared to 
respective uninvaded (control) patches. Likewise, significant differences in the 
soil microbial activity were also observed at different growth stages of the plant 
(Table 4.12b).  
Invasion by S. wightiana caused both decrease as well as increase in the 
soil microbial activity (Figures 4.13a; 4.13b and 4.13c) in invaded patches in 
comparison to uninvaded (control) patches. Its invasion brought about decline in 
soil microbial activity during pre-flowering stage at Site I, during flowering stage 
at Sites II and III and during post-flowering stage at Site III. On the contrary, 
stimulation of microbial activity was noticed during pre-flowering stage at Sites II 
and III, during flowering stage at Site I and during post-flowering stage at Sites I 
and II. The impact of site (F2,36  = 5.142; P ≤ 0.01), stage of plant growth (F2,36 = 
22.855; P ≤ 0.0001) and invasion (F1, 36 = 5.993; P ≤ 0.019) as well as the 
interaction between these factors was statistically significant in influencing the 
total soil microbial activity. Computation of SED revealed that invasion decreased 
soil microbial activity significantly, and soil microbial activity was significantly 
affected by site characteristics and stage of growth of the invasive plant species 
(Tables 4.13a and 4.13b). 
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Figure 4.12: Soil microbial activity (mean±SE) in Conyza canadensis invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.12a: ANOVA results for the effects of Conyza canadensis, stages of its growth, site and their 
interactions on soil microbial activity. 
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  3.942 2 1.971 2.254 .120 
Stage of plant growth  63.237 2 31.619 36.166 .000 
Treatment 382.423 1 382.423 437.422 .000 
Site x Stage of plant growth 137.176 4 34.294 39.226 .000 
Site x  Treatment 32.633 2 16.317 18.663 .000 
Stage of plant growth x  
Treatment 
141.121 2 70.560 80.708 .000 
Site x Stage of plant growth x  
Treatment 
74.648 4 18.662 21.346 .000 
Error  31.474 36 .874   
Total  17926.067 54    
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Table 4.12b: Soil microbial activity [µg fluorescein g
-1
 soil h
-1
 (mean± SE)] 
in Conyza canadensis invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean ± SE 
SI Pre-flowering Invaded  17.50± 0.207 
Uninvaded 17.34± 0.272 
Flowering Invaded 12.40± 0.638 
Uninvaded 23.02± 0.646 
Post-flowering Invaded  13.18± 0.295 
Uninvaded 21.04± 0.956 
SII Pre-flowering Invaded  17.53± 0.165 
Uninvaded 19.24± 0.460 
Flowering Invaded 14.45± 0.364 
Uninvaded 15.52± 0.137 
Post-flowering Invaded  16.84± 0.746 
Uninvaded 23.51± 1.216 
SIII Pre-flowering Invaded  14.23± 0.316 
Uninvaded 14.95± 0.533 
Flowering Invaded 13.15± 0.457 
Uninvaded 24.92± 0.046 
Post-flowering Invaded  16.74± 0.102 
Uninvaded 24.39± 0.118 
SED (Site x Stage x Treatment)=0.7633 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I        17.413 Pre-flowering     16.797 Invaded         15.113 
Site II       17.847 Flowering           17.242 Uninvaded   20.435 
Site III      18.062 Post-flowering    19.283  
SED=0.3116 SED=0.3116 SED=0.2544 
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Figure 4.13: Soil microbial activity (mean±SE) in Sambucus wightiana invaded 
and uninvaded (control) patches during (a) pre-flowering, (b) flowering 
and (c) post-flowering stages of growth at different study sites. 
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Table 4.13a: ANOVA results for the effects of Sambucus wightiana, stages of its growth, site and their 
interactions on soil microbial activity. 
Source  Type III sum of 
squares 
df Mean square F  Sig.  
Site  8.646 2 4.323 5.142 .011 
Stage of plant growth  38.428 2 19.214 22.855 .000 
Treatment 5.038 1 5.038 5.993 .019 
Site x Stage of plant growth 294.381 4 73.595 87.542 .000 
Site x  Treatment 62.352 2 31.176 37.084 .000 
Stage of plant growth x  
Treatment 
61.463 2 30.732 36.555 .000 
Site x Stage of plant growth x  
Treatment 
193.307 4 48.327 57.485 .000 
Error  30.265 36 .841   
Total  13080.940 54    
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Table 4.13b: Soil microbial activity [µg fluorescein g
-1
 soil h
-1
 (mean± SE)] 
in Sambucus wightiana invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  13.42± 0.935 
Uninvaded 17.21± 0.829 
Flowering Invaded 13.11± 0.876 
Uninvaded 9.64± 0.268 
Post-flowering Invaded  18.39± 0.177 
Uninvaded 16.48± 0.345 
SII Pre-flowering Invaded  19.17± 0.084 
Uninvaded 12.1± 0.36 
Flowering Invaded 14.81± 0.122 
Uninvaded 20.94± 0.269 
Post-flowering Invaded  14.93±  0.165 
Uninvaded 12.1± 0.341 
SIII Pre-flowering Invaded  11.9± 0.72 
Uninvaded 9.92± 1.265 
Flowering Invaded 14.12± 0.583 
Uninvaded 21.71± 0.132 
Post-flowering Invaded  13.71± 0.21 
Uninvaded 18.96± 0.059 
SED (Site x Stage x Treatment)=0.749 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I        14.709 Pre-flowering     15.724 Invaded           14.840 
Site II       15.675 Flowering           15.760 Uninvaded     15.451 
Site III     15.053 Post-flowering    13.953  
SED=0.3057 SED=0.3057 SED=0.2495 
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Comparative analysis of the soil microbial activity in the patches invaded 
by A. cotula and their respective uninvaded (control) patches revealed invasion 
induced decrease in soil microbial activity, except at Sites III and I during pre-
flowering and post-flowering stages of growth, respectively (Figures 4.14a; 4.14b 
and 4.14c). Site (F2,36  = 160.914; P ≤ 0.0001), stage (F2,36  = 229.663; P ≤ 0.0001) 
and invasion (F1, 36 = 414.501; P ≤ 0.0001) as well as interaction between these 
factors was statistically significant in influencing the total soil microbial activity in 
the soils invaded by A. cotula (Table 4.14a). As revealed by SED, A. cotula 
significantly decreased soil microbial activity as in the invaded patches compared 
to the uninvaded (control) patches. Besides, stage of growth of invasive species 
and site characteristics also altered soil microbial activity significantly (Table 
4.14b).  
On the whole, invasion by C. canadensis brought about 26.04% decrease in 
the soil microbial activity. Invasion by S. wightiana decreased soil microbial 
activity by 3.95%. A. cotula also had a negative impact on soil microbial activity 
(16.39%) (Figure 4.14d). The three plant species differed in their impact on soil 
microbial activity significantly (F2, 78 = 7.482; P≤ 0.001) (Table 4.33).  
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Figure 4.14: Soil microbial activity (mean±SE) in Anthemis cotula invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.14a: ANOVA results for the effects of Anthemis cotula, stages of its growth, site and their interactions 
on soil microbial activity. 
Source  Type III sum 
of squares 
df Mean square F Sig.  
Site  74.162 2 37.081 160.914 .000 
Stage of plant growth  105.848 2 52.924 229.663 .000 
Treatment 95.518 1 95.518 414.501 .000 
Site x Stage of plant growth 208.569 4 52.142 226.271 .000 
Site x  Treatment 3.310 2 1.655 7.182 .002 
Stage of plant growth x  
Treatment 
56.471 2 28.235 122.527 .000 
Site x Stage of plant growth x  
Treatment 
102.132 4 25.533 110.800 .000 
Error  8.296 36 .230   
Total  12630.004 54    
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Table 4.14b: Soil microbial activity [µg fluorescein g
-1
 soil h
-1
 (mean± SE)] 
in Anthemis cotula invaded and uninvaded (control) patches during 
pre-flowering, flowering and post-flowering stages of growth at 
different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean ± SE 
SI Pre-flowering Invaded  14.38±  0.256 
Uninvaded 15.66± 0.312 
Flowering Invaded 9.53± 0.661 
Uninvaded 17.84± 0.142 
Post-flowering Invaded  12.62± 0.124 
Uninvaded 9.38± 0.308 
SII Pre-flowering Invaded  13.74± 0.064 
Uninvaded 15.66± 0.136 
Flowering Invaded 12.49± 0.111 
Uninvaded 15.08± 0.152 
Post-flowering Invaded  16.15± 0.102 
Uninvaded 21.59± 0.081 
SIII Pre-flowering Invaded  17.66± 0.175 
Uninvaded 15.68± 0.129 
Flowering Invaded 8.83± 0.216 
Uninvaded 14.00± 0.398 
Post-flowering Invaded  16.66± 0.173 
Uninvaded 21.1± 0.544 
SED (Site x Stage x Treatment)=0.3916 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I       13.236 Pre-flowering    15.463 Invaded        13.562 
Site II     15.786 Flowering          12.965 Uninvaded  16.222 
Site III    15.654 Post-flowering   16.249 
 
SED=0.1599 SED=0.1599 SED=0.1305 
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Figure 4.14d: Percent decrease in the soil microbial activity in the sites 
invaded by Conyza canadensis, Sambucus wightiana and Anthemis 
cotula. 
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Soil enzyme activity  
 Impact of invasion by C. canadensis, S. wightiana and A. cotula on the 
activity of some key soil enzymes in the invaded patches compared to their 
respective uninvaded (control) patches is summarised below: 
Soil protease activity 
 In comparison to uninvaded (control) patches, protease activity decreased 
due to invasion by C. canadensis across all the sites studied and at all the stages of 
plant growth except during post-flowering stage at Site II where increase in the 
activity was recorded (Figures 4. 15a; 4. 15b and 4. 15c).  Statistical treatment of 
the data revealed that site (F2, 36 = 103. 860; P ≤ 0.0001), stage of plant growth (F2, 
36 = 1049. 939; P ≤ 0.0001) and invasion (F1, 36= 173.090; P ≤ 0.0001) as well as 
interaction between these factors had statistically significant effect on soil protease 
activity (Table 4.15a).  Computation of SED reflected significant reduction in soil 
protease activity due to Conyza invasion. Besides, significant differences were 
recorded across study sites and at various stages of growth of Conyza (Table 
4.15b). 
In comparison to uninvaded (control) patches, S. wightiana invaded patches 
had lower protease activity at Site I at all the three stages of plant growth and 
higher protease activity at Site II at all the three stages. However, the soil protease 
at Site III registered higher activity in response to invasion during pre-flowering 
and flowering stages and the same declined at the Site III during post-flowering 
stage (Figures 4. 16a, 4. 16b and 4. 16c). Statistical treatment of the data revealed 
that site (F2,36  = 357.122; P ≤ 0.0001) and stage of plant growth (F2,36  = 106. 682; 
P ≤ 0.0001) and interaction between the factors  had significant effect on soil 
protease activity while as invasion did not affect it significantly (Table 4.16a). 
SED of treatment means revealed that the activity of this enzyme differed 
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significantly in relation to the stage of growth of the plant and site characteristics 
(Table 4.16b).  
Perusal of the data on protease activity from uninvaded (control) patches 
and patches invaded by A. cotula revealed increased protease activity during pre-
flowering stage at all the study sites including Site III during flowering and post-
flowering stages. Decrease in soil protease activity due to invasion was recorded at 
Sites I and II during flowering as well as post-flowering stages of growth (Figures 
4. 17a; 4. 17b and 4. 17c).  While the impact of site (F2,36  = 80.165; P ≤  0.0001) 
and stage of plant growth (F2,36  = 19.679; P ≤ 0.001) was statistically significant 
in influencing the activity of soil protease, the impact of invasion was 
insignificant. However, interaction between the factors was statistically significant 
in influencing the activity of soil protease in the soils invaded by A. cotula (Table 
4.17a). While the three sites differed significantly in their protease activity, 
activity of this soil enzyme during the flowering and post-flowering stages was 
more or less similar but significantly different than the activity recorded during the 
pre-flowering stage (Table 4.17b). 
In all, protease activity was inhibited by 13.52% due to invasion by C. 
canadensis and marginally so by S. wightiana (0.64%). A. cotula stimulated soil 
protease activity by 2.09%, in comparison to control (Figure 4.17d). Comparative 
analysis revealed that the three invasive species differed significantly vis-a-vis 
their impact on soil protease activity (Table 4.33).   
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Figure 4.15: Soil protease activity (mean±SE) in Conyza canadensis invaded 
and uninvaded (control) patches during (a) pre-flowering, (b) 
flowering and (c) post-flowering stages of growth at different study 
sites. 
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Table 4.15a: ANOVA results for the effects of Conyza canadensis, stages of its growth, site and their 
interactions on soil protease activity. 
Source  Type III sum of 
squares  
df Mean square F Sig.  
Site  71.693 2 35.846 103.860 .000 
Stage of plant growth  724.754 2 362.377 1049.939 .000 
Treatment 59.740 1 59.740 173.090 .000 
Site x Stage of plant growth 49.442 4 12.361 35.813 .000 
Site x  Treatment 15.452 2 7.726 22.385 .000 
Stage of plant growth x  
Treatment 
14.117 2 7.059 20.451 .000 
Site x Stage of plant growth x  
Treatment 
28.625 4 7.156 20.734 .000 
Error  12.425 36 .345   
Total  12303.150 54    
Ph. D Thesis 
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Table 4.15b: Soil protease activity [µg tyrosine g
-1
 soil h
-1
 (mean± SE)] 
in Conyza canadensis invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  9.47± 0.287 
Uninvaded 9.72± 0.065 
Flowering Invaded 18.06 ± 0.310 
Uninvaded 21.99± 0.983 
Post-flowering Invaded  9.54± 0.513 
Uninvaded 11.71± 0.034 
SII Pre-flowering Invaded  10.48± 0.177 
Uninvaded 13.78± 0.408 
Flowering Invaded 19.89± 0.112 
Uninvaded 20.39± 0.064 
Post-flowering Invaded  16.72± 0.572 
Uninvaded 15.26± 0.380 
SIII Pre-flowering Invaded  10.26± 0.229 
Uninvaded 12.06± 0.263 
Flowering Invaded 15.45± 0.047 
Uninvaded 21.44± 0.215 
Post-flowering Invaded  11.04± 0.145 
Uninvaded 13.47± 0.157 
SED (Site x Stage x Treatment)=0.4796 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I       13.415 Pre-flowering    10.961 Invaded            13.431 
Site II     16.083 Flowering          19.535 Uninvaded      15.535 
Site III    13.951 Post-flowering   12.953  
SED=0.1958 SED=0.1958 SED=0.1599 
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Figure 4.16: Soil protease activity (mean±SE) in Sambucus wightiana invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
 
0
5
10
15
20
25
SI SII SIII
µ
g
 t
y
r
o
si
n
e
 g
-1
so
il
 h
-1
Sites
Invaded (S. wightiana) 
Uninvaded (Control)
0
5
10
15
20
25
SI SII SIII
µ
g
 t
y
r
o
si
n
e
 g
-1
so
il
 h
-1
Sites
Invaded (S. wightiana) 
Uninvaded (Control)
0
5
10
15
20
25
30
SI SII SIII
µ
g
 t
y
r
o
si
n
e
 g
-1
so
il
 h
-1
Sites
Invaded (S. wightiana) 
Uninvaded (Control)
Ph. D Thesis 
 
175 
 
Table 4.16a: ANOVA results for the effects of Sambucus wightiana, stages of its growth, site and their 
interactions on soil protease activity. 
Source  Type III sum of 
squares 
df Mean square F  Sig.  
Site  314.796 2 157.398 357.122 .000 
Stage of plant growth  94.038 2 47.019 106.682 .000 
Treatment .150 1 .150 .340 .564 
Site x Stage of plant growth 233.478 4 58.370 132.435 .000 
Site x  Treatment 212.553 2 106.277 241.132 .000 
Stage of plant growth x  
Treatment 
17.268 2 8.634 19.589 .000 
Site x Stage of plant growth x  
Treatment 
69.806 4 17.452 39.596 .000 
Error  15.867 36 .441   
Total  13980.066 54    
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Table 4.16b: Soil protease activity [µg tyrosine g
-1
 soil h
-1
 (mean± SE)] 
in Sambucus wightiana invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  16.21± 0.641 
Uninvaded 18.82± 0.9070 
Flowering Invaded 13.09± 0.025 
Uninvaded 21.1± 0.63 
Post-flowering Invaded  19.51± 0.074 
Uninvaded 24.6± 0.03 
SII Pre-flowering Invaded  17.39± 0.035 
Uninvaded 12.43± 0.486 
Flowering Invaded 15.74± 0.067 
Uninvaded 11.59± 0.082 
Post-flowering Invaded  13.56± 0.063 
Uninvaded 9.51± 0.154 
SIII Pre-flowering Invaded  10.38± 0.543 
Uninvaded 10.02± 0.226 
Flowering Invaded 17.01± 0.102 
Uninvaded 11.72± 0.131 
Post-flowering Invaded  16.40± 0.484 
Uninvaded 20.37± 0.060 
SED (Site x Stage x Treatment)=0.542 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I       18.899 Pre flowering     14.209 Invaded         15.476 
Site II      13.369 Flowering          15.046 Uninvaded   15.582 
Site III     14.319 Post-flowering   17.332  
SED=0.221 SED=0.221 SED=0.181 
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Figure 4.17: Soil protease activity (mean±SE) in Anthemis cotula invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.17a: ANOVA results for the effects of Anthemis cotula, stages of its growth, site and their interactions 
on soil protease activity. 
Source  Type III sum of 
squares 
df Mean square F Sig.  
Site  62.562 2 31.281 80.165 .000 
Stage of plant growth  15.357 2 7.679 19.679 .000 
Treatment .735 1 .735 1.884 .178 
Site x Stage of plant growth 217.569 4 54.392 139.394 .000 
Site x  Treatment 126.831 2 63.416 162.519 .000 
Stage of plant growth x  
Treatment 
97.093 2 48.547 124.414 .000 
Site x Stage of plant growth x  
Treatment 
80.201 4 20.050 51.384 .000 
Error  14.047 36 .390   
Total  7284.325 54    
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Table 4.17b: Soil protease activity [µg tyrosine g
-1
 soil h
-1
 (mean± SE)] 
in Anthemis cotula invaded and uninvaded (control) patches during 
pre-flowering, flowering and post-flowering stages of growth at 
different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment Mean± SE 
SI Pre-flowering Invaded  12.08± 0.732 
Uninvaded 6.38± 0.337 
Flowering Invaded 10.32± 0.264 
Uninvaded 15.70± 0.732 
Post-flowering Invaded  5.49± 0.244 
Uninvaded 10.49± 0.101 
SII Pre-flowering Invaded  8.18± 0.281 
Uninvaded 7.03± 0.051 
Flowering Invaded 9.44± 0.405 
Uninvaded 13.80 ± 0.520 
Post-flowering Invaded  10.94± 0.130 
Uninvaded 14.59± 0.289 
SIII Pre-flowering Invaded  16.43± 0.562 
Uninvaded 12.08± 0.541 
Flowering Invaded 10.69± 0.389 
Uninvaded 9.28± 0.244 
Post-flowering Invaded  17.50± 0.076 
Uninvaded 9.62± 0.019 
SED (Site x Stage x Treatment)=0.5099 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I        10.08 Pre-flowering    10.362 Invaded           11.23 
Site II      10.663 Flowering          11.54 Uninvaded     10.99 
Site III     12.598 Post-flowering   11.44  
SED=0.208 SED=0.208 SED=0.1699 
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Figure 4.17d: Percent increase/ decrease in soil protease activity in the sites 
invaded by Conyza canadensis, Sambucus wightiana and Anthemis 
cotula. 
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Soil alkaline phosphatase activity 
 Soil alkaline phosphatase activity decreased, more or less, at all the stages 
and at all the patches in sites invaded by C. canadensis, except during pre-
flowering and flowering stages at Sites III and II, respectively (Figures 4. 18a, 4. 
18b and 4. 18c). Site (F2,36  = 4488.91; P ≤ 0.0001), stage of plant growth (F2,36  = 
2203. 765; P ≤ 0.0001) invasion (F1, 36 = 3526. 754; P ≤ 0.0001) as well as the 
interactive effect of these factors significantly influenced the soil alkaline 
phosphatase activity (Table 4.18a). Computation of SED revealed that soil alkaline 
phosphatise activity was significantly reduced due to invasion by C. canadensis. 
However, site and stage of growth also exerted significant influence on the activity 
of this enzyme (Table 4.18b).   
Invasion by S. wightiana also decreased alkaline phosphatase activity 
across almost all the sites and stages of plant growth. However, increased soil 
alkaline phosphatase activity was recorded at Sites II and III during the post-
flowering stage of growth of S. wightiana (Figures 4. 19a, 4. 19b and 4. 19c). 
Statistical treatment of the data revealed that site (F2, 36 = 1591.061; P ≤ 0.0001), 
stage of plant growth (F2,36  = 3583. 36; P ≤ 0.0001) and invasion (F1, 36 = 1512. 
684; P ≤ 0.0001) as well as the interaction between these factors had statistically 
significant effect on the soil alkaline phosphatase activity (Table 4.19a). 
Computation of SED revealed that invasion significantly reduced the soil alkaline 
phosphatase activity. Significant differences were also recorded in the soil alkaline 
phosphatase activity between study sites and various stages of growth (Table 
4.19b).  
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Figure 4.18: Soil alkaline phosphatase activity (mean±SE) in Conyza canadensis 
invaded and uninvaded (control) patches during (a) pre-flowering, (b) 
flowering and (c) post-flowering stages of growth at different study sites. 
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Table 4.18a: ANOVA results for the effect of Conyza canadensis, stages of its growth, site and their 
interactions on soil alkaline phosphatase activity. 
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  14502.928 2 7251.464 4488.910 .000 
Stage of plant growth  7120.000 2 3560.000 2203.765 .000 
Treatment 5697.180 1 5697.180 3526.754 .000 
Site x Stage of plant growth 9289.234 4 2322.308 1437.590 .000 
Site x  Treatment 2347.141 2 1173.570 726.481 .000 
Stage of plant growth x  
Treatment 
1467.846 2 733.923 454.324 .000 
Site x Stage of plant growth x  
Treatment 
1514.429 4 378.607 234.371 .000 
Error  58.155 36 1.615   
Total  184860.607 54    
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Table 4.18b: Soil alkaline phosphatase activity [µg p-nitrophenol g
-1
 soil h
-1
 
(mean± SE)] in Conyza canadensis invaded and uninvaded 
(control) patches during pre-flowering, flowering and post-flowering 
stages of growth at different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  15.97± 0.571 
Uninvaded 40.58± 0.205 
Flowering Invaded 15.31± 0.786 
Uninvaded 53.72± 0.970 
Post-flowering Invaded  26.73± 1.744 
Uninvaded 81.24± 0.760 
SII Pre-flowering Invaded  54.94± 0.598 
Uninvaded 70.84± 0.520 
Flowering Invaded 102.78± 0.376 
Uninvaded 88.32± 0.274 
Post-flowering Invaded  48.28± 0.514 
Uninvaded 82.37± 0.773 
SIII Pre-flowering Invaded  20.46± 0.489 
Uninvaded 16.12± 0.476 
Flowering Invaded 20.68± 0.710 
Uninvaded 39.75± 0.974 
Post-flowering Invaded  65.33± 0.439 
Uninvaded 82.43± 0.586 
SED (Site x Stage x Treatment)=1.038 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I         38.925 Pre-flowering    36.483 Invaded            41.164 
Site II        74.587 Flowering          53.426 Uninvaded      61.707 
Site III       40.795 Post-flowering   64.398 
 
SED=0.424 SED=0.424 SED=0.346 
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Figure 4.19: Soil alkaline phosphatase activity (mean±SE) in Sambucus wightiana 
invaded and uninvaded (control) patches during (a) pre-flowering, (b) 
flowering and (c) post-flowering stages of growth at different study sites. 
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Table 4.19a: ANOVA results for the effect of Sambucus wightiana, stages of its growth, site and their 
interactions on soil alkaline phosphatase activity. 
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  7599.472 2 3799.736 1591.061 .000 
Stage of plant growth  17115.403 2 8557.701 3583.360 .000 
Treatment 3612.558 1 3612.558 1512.684 .000 
Site x Stage of plant growth 8556.554 4 2139.139 895.720 .000 
Site x  Treatment 1328.214 2 664.107 278.081 .000 
Stage of plant growth x  
Treatment 
5753.213 2 2876.606 1204.519 .000 
Site x Stage of plant growth x  
Treatment 
2233.102 4 558.276 233.766 .000 
Error  85.974 36 2.388   
Total  159022.510 54    
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Table 4.19b: Soil alkaline phosphatase activity [µg p-nitrophenol g
-1
 soil h
-1
 
(mean± SE)] in Sambucus wightiana invaded and uninvaded 
(control) patches during pre-flowering, flowering and post-flowering 
stages of growth at different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  46.14± 0.50 
Uninvaded 103.74± 1.818 
Flowering Invaded 29.72± 0.786 
Uninvaded 33.79± 1.642 
Post-flowering Invaded  14.09± 0.301 
Uninvaded 26.61± 0.333 
SII Pre-flowering Invaded  32.79± 0.791 
Uninvaded 41.67± 0.958 
Flowering Invaded 29.76± 0.198 
Uninvaded 34.68± 0.590 
Post-flowering Invaded  33.19± 2.070 
Uninvaded 26.67± 0.386 
SIII Pre-flowering Invaded  65.38± 0.484 
Uninvaded 134.65± 0.492 
Flowering Invaded 24.79± 0.260 
Uninvaded 32.47± 0.211 
Post-flowering Invaded  61.75± 0.500 
Uninvaded 50.57± 0.227 
SED (Site x Stage x Treatment)=1.262 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I         42.346 Pre-flowering    70.728 Invaded          37.513 
Site II       33.127 Flowering          30.867 Uninvaded    53.871 
Site III      61.602 Post-flowering   35.48  
SED=0.515 SED=0.515 SED=0.421 
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With respect to invasion by A. cotula, both increase and decrease in the 
activity of soil alkaline phosphatase was recorded. Increase in the activity due to 
invasion was obtained at Site II during pre-flowering stage, at Site III during 
flowering stage and at Sites I and III during the post-flowering stage. Invasion-
induced decrease, however, was observed at Sites I and III during pre-flowering 
stage of growth, at Site III during flowering stage and at Site I during the post-
flowering stage (Figures 4.20a, 4.20b and 4.20c). Statistical treatment of the data 
revealed that not only the individual factors viz., site (F2,36  = 6311.887; P ≤ 
0.0001), stage of plant growth (F2,36  = 791.161; P ≤ 0.0001) and invasion (F1, 36 
=91.405; P ≤ 0.0001) but also their interaction was statistically significant in 
influencing the activity of this soil enzyme (Table 4.20a). Calculating SED 
brought to light significant reduction in the soil alkaline phosphatase activity due 
to invasion (Table 4.20b). 
In comparison to uninvaded (control) patches, soil alkaline phosphatase 
activity was reduced by 33.29% due to invasion of C. canadensis, 30.36% due to 
S. wightiana and 4.62% by A. cotula (Figure 4.20d).  Percent decrease in the soil 
alkaline phosphatase activity due to invasion by these plants was found to be 
statistically significant (F2, 78 = 8.702; P≤ 0.0001) (Table 4.33). 
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Figure 4.20: Soil alkaline phosphatase activity (mean±SE) in Anthemis cotula 
invaded and uninvaded (control) patches during (a) pre-flowering, (b) 
flowering and (c) post-flowering stages of growth at different study sites. 
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Table 4.20a: ANOVA results for the effect of Anthemis cotula, stages of its growth, site and their interactions 
on soil alkaline phosphatase activity. 
Source  Type III sum 
of squares 
df Mean square F Sig.  
Site  18943.397 2 9471.698 6311.887 .000 
Stage of plant growth  2374.452 2 1187.226 791.161 .000 
Treatment 137.164 1 137.164 91.405 .000 
Site x Stage of plant growth 18700.822 4 4675.205 3115.531 .000 
Site x  Treatment 826.985 2 413.493 275.549 .000 
Stage of plant growth x  
Treatment 
291.870 2 145.935 97.250 .000 
Site x Stage of plant growth x  
Treatment 
7401.786 4 1850.446 1233.127 .000 
Error  54.022 36 1.501   
Total  294574.310 54    
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Table 4.20b: Soil alkaline phosphatase activity [µg p-nitrophenol g
-1
 soil h
-1
 
(mean± SE)] in Anthemis cotula invaded and uninvaded 
(control) patches during pre-flowering, flowering and post-flowering 
stages of growth at different study sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean ± SE 
SI Pre-flowering Invaded  27.88±  0.250 
Uninvaded 39.71± 0.194 
Flowering Invaded 45.79± 0.218 
Uninvaded 62.97± 0.591 
Post-flowering Invaded  49.96± 0.416 
Uninvaded 25.96± 0.621 
SII Pre-flowering Invaded  77.69± 0.693 
Uninvaded 55.37± 0.197 
Flowering Invaded 62.44± 0.833 
Uninvaded 95.12± 1.277 
Post-flowering Invaded  61.01± 0.254 
Uninvaded 90.98± 0.342 
SIII Pre-flowering Invaded  100.26± 0.919 
Uninvaded 131.89± 0.807 
Flowering Invaded 57.25± 1.427 
Uninvaded 25.00± 0. 875 
Post-flowering Invaded  110.64± 0.736 
Uninvaded 94.61± 0.294 
SED (Site x Stage x Treatment)=1.00 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I        42.044 Pre-flowering     72.131 Invaded           65.88 
Site II       73.767 Flowering           58.096 Uninvaded      69.067 
Site III      86.609 Post-flowering    72.194  
SED=0.408 SED=0.408 SED=0.333 
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Figure 4.20d: Percent decrease in soil alkaline phosphatase activity in the 
sites invaded by Conyza canadensis, Sambucus wightiana and 
Anthemis cotula. 
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Soil acid phosphatase activity 
 Invasion by C. canadensis decreased acid phosphatase activity at all the 
sites and during all the stages except during flowering stage at Site II where it 
increased by 14.5% (Figures 4.21a, 4.21b and 4.10c). Site (F2,36  = 19.899; P ≤ 
0.001), stage of plant growth (F2,36 = 763.211; P ≤ 0.0001) invasion (F1, 36 = 
581.891; P ≤ 0.0001) as well the interaction between these factors was statistically 
significant in affecting the activity of soil acid phosphatase in the C. canadensis 
invaded soils (Table 4.21a). Computation of SED revealed that invasion 
significantly reduced the activity of acid phosphatase. While Sites I and II did not 
differ in their acid phosphatase activity, both had significant higher activity than at 
Site III. Concomitant with the progression of the growth of C. canadensis, 
significant increase in soil acid phosphatase activity was also recorded (Table 
4.21b).  
Acid phosphatase consistently recorded decreased activity in the forest soils 
invaded by S. wightiana at all the sites and all the stages of plant growth except 
during post-flowering stage at Site II (Figures 4.22a, 4.22b and 4.22c). All the 
individual factors viz. site (F2,36  = 1786.043; P ≤ 0.0001), stage of plant growth 
(F2,36  = 16758.616; P ≤ 0.0001), invasion (F1, 36 = 5006.758; P ≤ 0.0001) as well 
as the interaction between them exerted statistically significant impact on soil acid 
phosphatase activity (Table 4.22a).  Computation of SED for comparison of 
individual treatment means revealed that S. wightiana invasion brings about 
significant decline in the activity of this enzyme, although significant differences 
between study sites and various stages of growth were also discernible (Table 
4.22b). 
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Figure 4.21: Soil acid phosphatase activity (mean±SE) in Conyza canadensis 
invaded and uninvaded (control) patches during (a) pre-flowering, (b) 
flowering and (c) post-flowering stages of growth at different study sites. 
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Table 4.21a: ANOVA results for the effect of Conyza canadensis, stages of its growth, site and their 
interactions on soil acid phosphatase activity. 
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  49.377 2 24.688 19.899 .000 
Stage of plant growth  1893.830 2 946.915 763.211 .000 
Treatment 721.863 1 721.863 581.819 .000 
Site x Stage of plant growth 211.474 4 52.868 42.612 .000 
Site x  Treatment 93.121 2 46.560 37.528 .000 
Stage of plant growth x  
Treatment 
5.520 2 2.760 2.225 .123 
Site x Stage of plant growth x  
Treatment 
277.387 4 69.347 55.893 .000 
Error  44.665 36 1.241   
Total  21360.770 54    
Ph. D Thesis 
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Table 4.21b: Soil acid phosphatase activity [µg p-nitrophenol g
-1
 soil h
-1
 
(mean± SE)] in Conyza canadensis invaded and uninvaded 
(control) patches during pre-flowering, flowering and post-flowering 
stages of growth at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  4.53± 0.510 
Uninvaded 11.00± 0.686 
Flowering Invaded 16.58± 0.427 
Uninvaded 31.37± 1.073 
Post-flowering Invaded  19.51± 0.304 
Uninvaded 30.94± 0.553 
SII Pre-flowering Invaded  7.68± 0.405 
Uninvaded 19.87± 0.775 
Flowering Invaded 19.41± 0.611 
Uninvaded 16.96± 0.947 
Post-flowering Invaded  22.73± 0.177 
Uninvaded 27.03± 0.550 
SIII Pre-flowering Invaded  7.33± 0.755 
Uninvaded 10.72± 0.896 
Flowering Invaded 13.41± 0.769 
Uninvaded 25.31± 0.755 
Post-flowering Invaded  20.53± 0.227 
Uninvaded 24.33±0.175 
SED (Site x Stage x Treatment)=0.9096 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I        18.986 Pre-flowering      10.187 Invaded           14.633 
Site II       18.945 Flowering            20.506 Uninvaded      21.946 
Site III     16.937 Post-flowering     24.176  
SED=0.371 SED=0.371 SED=0.3032 
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Figure 4.22: Soil acid phosphatase activity (mean±SE) in Sambucus wightiana 
invaded and uninvaded (control) patches during (a) pre-flowering, (b) 
flowering and (c) post-flowering stages of growth at different study sites. 
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Table 4.22a: ANOVA results for the effect of Sambucus wightiana, stages of its growth, site and their 
interactions on soil acid phosphatase activity. 
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  4917.307 2 2458.654 1786.043 .000 
Stage of plant growth  46139.573 2 23069.787 16758.616 .000 
Treatment 6892.266 1 6892.266 5006.758 .000 
Site x Stage of plant growth 4009.876 4 1002.469 728.225 .000 
Site x  Treatment 1486.912 2 743.456 540.070 .000 
Stage of plant growth x  
Treatment 
3777.768 2 1888.884 1372.144 .000 
Site x Stage of plant growth x  
Treatment 
1320.786 4 330.197 239.865 .000 
Error  49.557 36 1.377  .000 
Total  288521.659 54   .000 
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Table 4.22b: Soil acid phosphatase activity [µg p-nitrophenol g
-1
 soil h
-1
 
(mean± SE)] in Sambucus wightiana invaded and uninvaded 
(control) patches during pre-flowering, flowering and post-flowering 
stages of growth at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  50.31± 1.999 
Uninvaded 126.28± 0.653 
Flowering Invaded 86.11± 0.562 
Uninvaded 113.35± 0.805 
Post-flowering Invaded  39.28±0.139 
Uninvaded 46.02± 0.207 
SII Pre-flowering Invaded  36.85± 0.986 
Uninvaded 57.24± 0.479 
Flowering Invaded 99.64± 0.464 
Uninvaded 119.86± 0.153 
Post-flowering Invaded  26.86± 0.167 
Uninvaded 20.59± 0.101 
SIII Pre-flowering Invaded  35.51± 0.859 
Uninvaded 66.01± 0.374 
Flowering Invaded 79.52± 0.468 
Uninvaded 104.36± 0.469 
Post-flowering Invaded  18.59± 0.109 
Uninvaded 22.31± 0.058 
SED (Site x Stage x Treatment)=0.958 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I         76.893 Pre-flowering      62.035 Invaded           52.520 
Site II       60.176 Flowering           100.476 Uninvaded     75.115 
Site III     54.385 Post-flowering     28.943  
SED=0.391 SED=0.391 SED=0.320 
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Response of soil acid phosphatase activity to invasion by A. cotula was not 
consistent; instead increase as well decrease was recorded (Figures 4.23a, 4.23b 
and 4.23c). While Site I recorded increase in the acid phosphatase activity during 
all the stages of plant growth, Site III recorded a decrease. Site II recorded 
increase at pre-flowering stage and decrease at both flowering and post-flowering 
stages. Impact of site (F2, 36 = 1143.533; P ≤ 0.0001), stage of growth (F2,36  = 
441.233; P ≤ 0.0001) and invasion (F1, 36 = 16.545; P ≤ 0.0001) as well as 
interaction between these factors was found to be statistically significant in 
influencing the activity of soil acid phosphatase (Table 4.23a). Computation of 
SED brought out that reduction in the acid phosphatase activity in invaded patches 
in comparison to uninvaded (control) patches was significant (Table 4.23b). 
Differences in the activity of this enzyme across study sites and stages of growth 
were also statistically significant.   
On the whole activity of acid phosphatase in the soil decreased in response 
to invasion by C. canadensis and S. wightiana as well as A. cotula (Figure 4.23d), 
while C. canadensis decreased it by 33.32%, S. wightiana and A. cotula decreased 
it by 30.07% and 8.11% respectively in comparison to their respective controls.  
The impact was statistically significant (F2, 78 = 12.56; P≤ 0.0001). The three 
invasive plant species differed significantly in their impact on soil acid 
phosphatase activity (Table 4.33). 
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Figure 4.23: Soil acid phosphatase activity (mean±SE) in Anthemis cotula invaded 
and uninvaded (control) patches during (a) pre-flowering, (b) flowering 
and (c) post-flowering stages of growth at different study sites. 
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Table 4.23a: ANOVA results for the effects of Anthemis cotula, stages of its growth, site and their interactions 
on soil acid phosphatase activity. 
Source  Type III sum 
of squares 
df Mean square F Sig.  
Site  7051.065 2 3525.533 1143.722 .000 
Stage of plant growth  2720.208 2 1360.104 441.233 .000 
Treatment 50.999 1 50.999 16.545 .000 
Site x Stage of plant growth 2990.508 4 747.627 242.539 .000 
Site x  Treatment 271.694 2 135.847 44.070 .000 
Stage of plant growth x  
Treatment 
65.988 2 32.994 10.704 .000 
Site x Stage of plant growth x  
Treatment 
468.287 4 117.072 37.979 .000 
Error  110.970 36 3.083   
Total  42211.236 54    
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Table 4.23b: Soil acid phosphatase activity [µg p-nitrophenol g
-1
 soil h
-1
 
(mean± SE)] in Anthemis cotula invaded and uninvaded 
(control) patches during pre-flowering, flowering and post-flowering 
stages of growth at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  7.91± 0.160 
Uninvaded 7.22± 0.593 
Flowering Invaded 10.05± 0.785 
Uninvaded 6.70± 0.540 
Post-flowering Invaded  11.55± 0.161 
Uninvaded 7.56± 0.271 
SII Pre-flowering Invaded  26.58± 0.276 
Uninvaded 13.49± 1.561 
Flowering Invaded 14.89± 0.357 
Uninvaded 16.97± 0.730 
Post-flowering Invaded  29.70± 0.120 
Uninvaded 42.17± 0.161 
SIII Pre-flowering Invaded  45.64± 2.968 
Uninvaded 57.16± 1.851 
Flowering Invaded 11.47± 0.852 
Uninvaded 18.49± 0.785 
Post-flowering Invaded  40.16± 0.507 
Uninvaded 45.68± 0.256 
SED (Site x Stage x Treatment)=1.4336 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I        8.497 Pre-flowering    26.336 Invade            21.994 
Site II       23.968 Flowering           13.093 Uninvaded    23.938 
Site III      36.433 Post-flowering    29.469  
SED=0.5853 SED=0.5853 SED=0.4779 
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Figure 4.23d: Percent decrease in soil acid phosphatase activity in the sites 
invaded by Conyza canadensis, Sambucus wightiana and Anthemis 
cotula. 
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Soil urease activity  
The activity of urease decreased in the C. canadensis invaded patches in 
comparison to uninvaded (control) patches at all the stages and at all the sites with 
the exception of Sites I and III during pre-flowering stage when increase in the 
activity in response to invasion was recorded (Figures 4.24a, 4.24b and 4.24c ). 
While the impact of site and stage of growth was not found to be statistically 
significant in affecting the activity of soil urease in the Conyza canadensis invaded 
patches, the impact of invasion (F1, 36 = 7.523; P ≤ 0.009) was statistically 
significant (Table 4.24a).  Computation of SED also confirmed that invasion by C. 
canadensis significantly reduced soil urease activity (Table 4.24b). 
S. wightiana also decreased soil urease activity across almost all the sites 
and at all the stages of growth. But increase in activity due to invasion was 
recorded at Sites I and II during flowering and post-flowering stage, respectively 
(Figures 4.25a, 4.25b and 4.25c). Each of the individual factors, namely site (F2,36  
= 488.865; P ≤ 0.0001), stage of growth (F2,36  = 6808.454; P ≤  0.0001) and 
invasion (F1, 36 = 186.782; P ≤ 0.0001) as well as the interaction between them was 
found to be statistically significant in influencing the activity of soil urease (Table 
4.25a). SED of the data reflected significant reduction in soil urease activity in S. 
wightiana invaded patches in comparison to uninvaded (control) patches. 
Significant variations due to site and stage of growth of invasive species were also 
observed (Table 4.25b). 
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Figure 4.24: Soil urease activity (mean±SE) in Conyza canadensis invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.24a: ANOVA results for the effects of Conyza canadensis, stages of its growth, site and their 
interactions on soil urease activity.  
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  0.06763 2 0.03381 2.950 .065 
Stage of plant growth  0.03318 2 0.01659 1.447 .249 
Treatment 0.08624 1 0.08624 7.523 .009 
Site x Stage of plant growth 0.09954 4 0.02489 2.171 .092 
Site x  Treatment 0.01820 2 0.009.100 .794 .460 
Stage of plant growth x  
Treatment 
0.02515 2 0.01258 1.097 .345 
Site x Stage of plant growth x  
Treatment 
.131 4 0.03273 2.856 .037 
Error  .413 36 0.01146   
Total  1.268 54    
Ph. D Thesis 
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Table 4.24b: Soil urease activity [µg NH4
+
- N g
-1
 soil h
-1
 (mean± SE)] 
in Conyza canadensis invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  0.06± 0.0054 
Uninvaded 0.029± 0.007 
Flowering Invaded 0.05± 0.0017 
Uninvaded 0.087 ± 0.002 
Post-flowering Invaded  0.039 ± 0.0073 
Uninvaded 0.384± 0.165 
SII Pre-flowering Invaded  0.063± 0.003 
Uninvaded 0.274± 0.03 
Flowering Invaded 0.066±  0.0005 
Uninvaded 0.087± 0.0014 
Post-flowering Invaded  0.071± 0.027 
Uninvaded 0.116± 0.024 
SIII Pre-flowering Invaded  0.0123± 0.0018 
Uninvaded 0.011± 0.0039 
Flowering Invaded 0.098± 0.004 
Uninvaded 0.0716± 0.0049 
Post-flowering Invaded  0.0396± 0.0049 
Uninvaded 0.069± 0.0021 
SED (Site x Stage x Treatment)=0.087 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I         0.108 Pre-flowering     0.0749 Invaded            0.0455 
Site II        0.113 Flowering           0.0618 Uninvaded      0.125 
Site III       0.035 Post-flowering     0.120  
SED=0.036 SED=0.036 SED=0.029 
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Figure 4.25: Soil urease activity (mean±SE) in Sambucus wightiana invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.25a: ANOVA results for the effects of Sambucus wightiana, stages of its growth, site and their 
interactions on soil urease activity.  
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  .132 2 0.06592 488.865 .000 
Stage of plant growth  1.836 2 .918 6808.454 .000 
Treatment 0.02518 1 0.02.518 186.712 .000 
Site x Stage of plant growth .191 4 0.004775 354.112 .000 
Site x  Treatment 0.09384 2 0.04.692 347.954 .000 
Stage of plant growth x  
Treatment 
0.02472 2 0.01236 91.666 .000 
Site x Stage of plant growth x  
Treatment 
0.240 4 0.05994 444.497 .000 
Error  0.004.854 36 0.0001348   
Total  4.787 54    
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Table 4.25b: Soil urease activity [µg NH4
+
- N g
-1
 soil h
-1
 (mean± SE)] 
in Sambucus wightiana invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  0.0542± 0.00521 
Uninvaded 0.0723± 0.00365 
Flowering Invaded 0.0567± 0.00436 
Uninvaded 0.0252± 0.00763 
Post-flowering Invaded  0.2123± 0.01634 
Uninvaded 0.3936± 0.00488 
SII Pre-flowering Invaded  0.06361± 0.00162 
Uninvaded 0.1078± 0.00113 
Flowering Invaded 0.0355± 0.00904 
Uninvaded 0.0589± 0.00252 
Post-flowering Invaded  0.7532± 0.01896 
Uninvaded 0.4915± 0.00772 
SIII Pre-flowering Invaded  0.1027± 0.00115 
Uninvaded 0.1146± 0.00511 
Flowering Invaded 0.0873± 0.00163 
Uninvaded 0.1029± 0.00106 
Post-flowering Invaded  0.2732± 0.00508 
Uninvaded 0.6606± 0.0051 
SED (Site x Stage x Treatment)=0.00948 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I         0.1357 Pre-flowering       0.0859 Invade             0.1821 
Site II       0.2517 Flowering             0.0611 Uninvaded      0.225 
Site III      0.2236 Post-flowering      0.4641  
SED=0.00386 SED=0.00386 SED=0.00315 
Ph. D Thesis 
 
212 
 
Urease activity decreased in A. cotula invaded soils across different study 
sites during the pre-flowering stage of growth of A. cotula. However, stimulation 
of urease activity was recorded at Sites I and III during flowering stage of growth 
and at Sites II and III during post-flowering stage of growth (Figures 4.26a, 4.26b 
and 4.26c). Site (F2,36  = 491.611; P ≤ 0.0001) and invasion (F1, 36 = 6.248; P ≤ 
0.017) and their interaction with each other and with the stage of plant growth 
(which itself was insignificant statistically) were statistically significant in 
influencing the activity of soil urease in the sites invaded by A. cotula (Table 
4.26a). Computation of the SED revealed significant stimulatory impact of 
invasion on soil urease activity (Table 4.26b).  
In comparison to uninvaded (control) patches, activity of soil urease was 
reduced by 63.58% in the C. canadensis invaded patches and by 19.17% in S. 
wightiana invaded patches. However, A. cotula increased soil urease activity by 
8.09% in the invaded patches in comparison to uninvaded control patches. (Figure 
4.26d). The three plant species however, did not differ in their impact on soil 
urease activity significantly from each other (Table 4.33).  
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Figure 4.26: Soil urease activity (mean±SE) in Anthemis cotula invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.26a: ANOVA results for the effects of Anthemis cotula, stages of its growth, site and their interactions 
on soil urease activity.  
. 
Source  Type III sum 
of squares 
df Mean square F Sig.  
Site  0.06352 2 0.03176 491.611 .000 
Stage of plant growth  0.000106 2 0.000053 .818 .449 
Treatment 0.000404 1 0.00040 6.248 .017 
Site x Stage of plant growth 0.02003 4 0.00501 77.519 .000 
Site x  Treatment 0.008531 2 0.00427 66.029 .000 
Stage of plant growth x  
Treatment 0.01007 
2 0.00503 77.913 .000 
Site x Stage of plant growth x  
Treatment 0.01174 
4 0.00294 45.441 .000 
Error  0.002326 36 0.000065   
Total  .384 54    
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Table 4.26b: Soil urease activity [µg NH4
+
- N g
-1
 soil h
-1
 (mean± SE)] 
in Anthemis cotula invaded and uninvaded (control) patches during 
pre-flowering, flowering and post-flowering stages of growth at 
different study sites. 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  0.0203± 0.00102 
Uninvaded 0.0355± 0.00154 
Flowering Invaded 0.0325± 0.00029 
Uninvaded 0.0212± 0.00014 
Post-flowering Invaded  0.00995± 0.00032 
Uninvaded 0.04887± 0.00102 
SII Pre-flowering Invaded  0.0419± 0.00857 
Uninvaded 0.075± 0.00332 
Flowering Invaded 0.0468± 0.00050 
Uninvaded 0.0609± 0.00327 
Post-flowering Invaded  0.109± 0.00132 
Uninvaded 0.0926± 0.00019 
SIII Pre-flowering Invaded  0.1038± 0.00139 
Uninvaded 0.145± 0.0164 
Flowering Invaded 0.1927± 0.00286 
Uninvaded 0.0791± 0.02633 
Post-flowering Invaded  0.101± 0.0024 
Uninvaded 0.0511± 0.0007 
SED (Site x Stage x Treatment)=0.00658 
Treatment Main effect 
Site Stage  of Plant Growth  Treatment 
Site I          0.0280 Pre-flowering      0.0702 Pre-flowering     0.0731 
Site II         0.0710 Flowering            0.0723 Post-flowering    0.0676 
Site III        0.1120 Post-flowering    0.0688  
SED=0.00268 SED=0.00268 SED=0.00219 
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Figure 4.26d: Percent increase/ decrease in soil urease activity in the sites 
invaded by Conyza canadensis, Sambucus wightiana and Anthemis 
cotula. 
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Asparaginase activity 
 Activity of asparaginase decreased in all the sites invaded by C. 
canadensis except during pre-flowering stage at Site I where it registered an 
increase (Figures 4.27a, 4.27b and 4.27c). All the factors including site (F2, 36 = 
10.571; P ≤0.0001), stage of plant growth (F2, 36 = 37.962; P ≤ 0.0001) and 
invasion (F1, 36 = 44.017; P ≤ 0.0001) and their interactive effects were significant 
in bringing about the observed effect on the activity of soil asparaginase in the 
soils invaded by C. canadensis (Table 4.27a).  Computation of SED revealed 
significant reduction in the soil asparaginase activity. In addition to invasion, site 
and stage of growth also altered asparaginase activity significantly (Table 4.27b).  
Asparaginase activity exhibited mixed response to invasion by S. wightiana 
and both increase and decrease in the activity was recorded. Asparaginase activity 
decreased during pre-flowering stage of growth at Sites I and II and during 
flowering stage at Sites II and III, during other stages of growth, asparaginase 
activity increased (Figures 4.28a, 28b and 28c).  Site (F2,36  = 27.464; P ≤ 0.0001), 
stage of growth (F2, 36 = 14.111; P ≤ 0.0001) and invasion (F1, 36 = 11.720; P ≤ 
0.002) as well as interaction between these factors was statistically significant in 
influencing the activity of soil asparagines in the sites invaded by S. wightiana 
(Table 4.28a). While the invasion significantly improved soil asparaginase 
activity, stage of plant growth did not (Table 4.28b).  
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Figure 4.27: Soil asparaginase activity (mean±SE) in Conyza canadensis invaded 
and uninvaded (control) patches during (a) pre-flowering, (b) flowering 
and (c) post-flowering stages of growth at different study sites. 
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Table 4.27a: ANOVA results for the effects of Conyza canadensis, stages of its growth, site and their 
interactions on soil asparaginase activity.  
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  0.0009092 2 0.0004546 10.571 .000 
Stage of plant growth  0.003265 2 0.001632 37.962 .000 
Treatment 0.001893 1 0.001893 44.017 .000 
Site x Stage of plant growth 0.001812 4 0.0004529 10.531 .000 
Site x  Treatment 0.0002178 2 0.0001089 2.533 .094 
Stage of plant growth x  
Treatment 
0.0009097 2 0.0004548 10.577 .000 
Site x Stage of plant growth x  
Treatment 
0.0003492 4 0.00008731 2.030 .111 
Error  0.001548 36 0.000043   
Total  0.03973 54    
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Table 4.27b: Soil asparaginase activity [µg NH
+
4 – N g 
-1
 soil h
-1
 (mean± SE)] 
in Conyza canadensis invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean ± SE 
SI Pre-flowering Invaded  0.018± 0.0003 
Uninvaded 0.0097± 0.00024 
Flowering Invaded 0.017±0 
Uninvaded 0.0297±0.0014 
Post-flowering Invaded  0.0092±0.0011 
Uninvaded 0.0234±0.00902 
SII Pre-flowering Invaded  0.0133±0.00572 
Uninvaded 0.021±0.0011 
Flowering Invaded 0.0243±0.00025 
Uninvaded 0.028±0.00077 
Post-flowering Invaded  0.0247±0.00142 
Uninvaded 0.0558±0.01457 
SIII Pre-flowering Invaded  0.0054±0.00196 
Uninvaded 0.0149±0.00024 
Flowering Invaded 0.0127±0.00044 
Uninvaded 0.0257±0.00048 
Post-flowering Invaded  0.03±0.0082 
Uninvaded 0.053±0 
SED (Site x Stage x Treatment)=0.00535 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I         0.0178 Pre-flowering       0.00136 Invaded          0.01719 
Site II        0.0279 Flowering             0.0229 Uninvaded    0.02903 
Site III      0.0236 Post-flowering      0.0327  
SED=0.00217 SED=0.00217 SED=0.00176 
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Figure 4.28: Soil asparaginase activity (mean±SE) in Sambucus wightiana invaded 
and uninvaded (control) patches during (a) pre-flowering, (b) flowering 
and (c) post-flowering stages of growth at different study sites. 
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0.05
SI SII SIII
µ
g
  
N
H
4
+
-N
 g
-1
so
il
 h
-1
Sites
Invaded (S. wightiana) 
Uninvaded (Control)
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
SI SII SIII
µ
g
  
N
H
4
+
-N
 g
-1
so
il
 h
-1
Sites
Invaded (C. canadensis)
Uninvaded (Control)
0
0.02
0.04
0.06
0.08
0.1
0.12
SI SII SIII
µ
g
  
N
H
4
+
-N
 g
-1
so
il
 h
-1
Sites
Invaded (S. wightiana) 
Uninvaded (Control)
Ph. D Thesis 
 
222 
 
Table 4.28a: ANOVA results for the effects of Sambucus wightiana, stages of its growth, site and their 
interactions on soil asparaginase activity. 
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  0.00603 2 0.003014 27.464 .000 
Stage of plant growth  0.00310 2 0.00155 14.111 .000 
Treatment 0.00129 1 0.00129 11.720 .002 
Site x Stage of plant growth 0.0166 4 0.00415 37.811 .000 
Site x  Treatment 0.000955 2 0.00048 4.349 .020 
Stage of plant growth x  
Treatment 
0.002316 2 0.00115 10.551 .000 
Site x Stage of plant growth x  
Treatment 
0.002026 4 0.0005065 4.614 .004 
Error  0.003951 36 0.0001098   
Total  0.104 54    
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Table 4.28b: Soil asparaginase activity [µg NH
+
4 – N g
-1
 soil h
-1
 (mean± SE)] 
in Sambucus wightiana invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean ± SE 
SI Pre-flowering Invaded  0.019±0.0068 
Uninvaded 0.024± 0 
Flowering Invaded 0.0225±0.00078 
Uninvaded 0.01± .0014 
Post-flowering Invaded  0.099±0.0033 
Uninvaded 0.065±0.0006 
SII Pre-flowering Invaded  0.022±0.0015 
Uninvaded 0.028± 0.0021 
Flowering Invaded 0.027±0.0068 
Uninvaded 0.032±0.0046 
Post-flowering Invaded  0.01±0.0008 
Uninvaded 0.005± 0.0006 
SIII Pre-flowering Invaded  0.045± 0.00129 
Uninvaded 0.019± 0.0018 
Flowering Invaded 0.05± 0.005 
Uninvaded 0.068\± 0.0036 
Post-flowering Invaded  0.067± 0.0019 
Uninvaded 0.023± 0.0016 
SED (Site x Stage x Treatment)=0.00856 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I          0.0398 Pre-flowering     0.0262 Invaded          0.0402 
Site II         0.0207 Flowering           0.0349 Uninvaded    0.0304 
Site III        0.0454 Post-flowering    0.0448  
SED=0.00349 SED=0.00349 SED=0.00285 
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Comparative study of the asparaginase activity in the patches invaded by A. 
cotula and corresponding uninvaded (control) patches revealed that the activity of 
asparaginase decreased in response to invasion during pre-flowering stage at all 
the three sites and during post-flowering stage at Sites I and III.  At all other stages 
and sites, increase in asparaginase activity was recorded in invaded patches 
compared to uninvaded (control) patches (Figures 4.29a, 4.29b and 4.29c). 
However, statistical treatment of the data revealed that it was only site factor (F2,36 
= 5.644; P ≤ 0.007) which was statistically significant in influencing the activity of 
this enzyme (Table 4.29a). Computation of SED also revealed that asparaginase 
activity did not differ significantly between invaded and uninvaded patches (Table 
4.29b).  
Comparison of the effect of three invasive species on the activity of this 
enzyme brought out that invasion by C. canadensis decreased soil asparaginase 
activity by 40.79% (Figure 4.29d). However, S. wightiana and A. cotula invasion 
exerted stimulatory effect on soil asparaginase activity. While the former 
increased it by 32.07%, the latter increased it by 9.9%.  The three invasive species 
differed significantly in their impact on soil asparaginase activity (Table 4.33). 
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Figure 4.29: Soil asparaginase activity (mean±SE) in Anthemis cotula invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
0
0.01
0.02
0.03
0.04
0.05
0.06
SI SII SIII
µ
g
  
N
H
4
+
-N
 g
-1
so
il
 h
-1
Sites
Invaded (A. cotula)
Uninvaded (Control)
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
SI SII SIII
µ
g
  
N
H
4
+
-N
 g
-1
so
il
 h
-1
Sites
Invaded (A. cotula)
Uninvaded (Control)
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
SI SII SIII
µ
g
  
N
H
4
+
-N
 g
-1
so
il
 h
-1
Site
Invaded (A. cotula)
Uninvaded (Control)
Ph. D Thesis 
 
226 
 
Table 4.29a: ANOVA results for the effects of Anthemis cotula, stages of its growth, site and their interactions 
on soil asparaginase activity. 
Source  Type III sum 
of squares 
df Mean square F Sig.  
Site  .108 2 0.05395 5.644 .007 
Stage of plant growth  0.04292 2 0.02146 2.245 .121 
Treatment 0.000499 1 0.000499 .052 .821 
Site x Stage of plant growth 0.04661 4 0.01165 1.219 .320 
Site x  Treatment 0.000588 2 0.000294 .031 .970 
Stage of plant growth x  
Treatment 0.0567 
2 
0.02835 
2.966 .064 
Site x Stage of plant growth x  
Treatment 0.08315 
4 
0.02079 
2.175 .092 
Error  .344 36 0.009558   
Total  .907 54    
Ph. D Thesis 
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Table 4.29b: Soil asparaginase activity [µg NH
+
4 – N g
-1
 soil h
-1
 (mean± SE)] 
in Anthemis cotula invaded and uninvaded (control) patches during 
pre-flowering, flowering and post-flowering stages of growth at 
different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean ± SE 
SI Pre-flowering Invaded  0.0294± 0.00236 
Uninvaded 0.046± 0.0324 
Flowering Invaded 0.0399± 0.03018 
Uninvaded 0.0055± 0.00024 
Post-flowering Invaded  0.0095± 0.00048 
Uninvaded 0.033± 0.00104 
SII Pre-flowering Invaded  0.0027± 0.00064 
Uninvaded 0.0032± 0.00049 
Flowering Invaded 0.027± 0.00027 
Uninvaded 0.025± 0.0018 
Post-flowering Invaded  0.096± 0.0035 
Uninvaded 0.0798± 0.00105 
SIII Pre-flowering Invaded  0.0314± 0.00067 
Uninvaded 0.0542± 0.00044 
Flowering Invaded 0.2811± 0.11996 
Uninvaded 0.037± 0.0019 
Post-flowering Invaded  0.091± 0.0002 
Uninvaded 0.269± 0.2024 
SED (Site x Stage x Treatment)=0.0798 
Treatment Main effects 
Site Stage  of Plant Growth  Treatment 
Site I          0.0271 Pre-flowering     0.0277 Invaded           0.0675 
Site II        0.0389 Flowering           0.0693 Uninvaded     0.0614 
Site III       0.1273 Post-flowering    0.0963  
SED=0.0326 SED=0.0326 SED=0.0266 
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Figure 4.29d: Percent increase/ decrease in soil asparaginase activity in the 
sites invaded by Conyza canadensis, Sambucus wightiana and 
Anthemis cotula. 
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Soil invertase activity 
 Activity of invertase increased in the sites invaded by C. canadensis. The 
stimulation in the activity was consistent at Site I where higher activity in 
comparison to control was recorded during all the three stages of plant growth. 
Site II recorded increased activity during pre-flowering stage which decreased 
during flowering stage; post-flowering stage again recorded increased activity in 
comparison to uninvaded control patch. At Site III while the activity increased 
during pre-flowering stage, it decreased during flowering and post-flowering 
stages (Figures 4.30a, 4.30b and 4.30c). Statistical treatment of the data revealed 
that all the three factors: site (F2,36  =251.048; P ≤ 0.0001), stage of plant growth 
(F2, 36  = 41.246; P ≤ 0.0001) and invasion (F1, 36 = 51.170; P ≤ 0.0001) as well as 
their interactive effects were significant in influencing soil asparaginase activity 
(Table 4.30a). Computation of SED revealed that invasion significantly increased 
soil invertase activity. Significant differences in the soil invertase activity were 
also due to site and stage of growth of the invasive species (Table 4.30b). 
S. wightiana invasion increased invertase activity in the invaded sites 
except during pre-flowering stage at Sites II and III and during flowering stage at 
Site I where negative effect of S. wightiana invasion on soil protease activity was 
recorded (Figures 4.31a, 4.31b and 4.31c). Statistical treatment of the data 
revealed that site (F2, 36 = 838.212; P≤ 0.0001), stage of plant growth (F2, 36 = 
1760.055; P ≤ 0.0001) and invasion (F2, 36 = 3140.423; P≤ 0.0001) as well as 
interaction between these factors were statistically significant in influencing soil 
invertase activity (Table 4.31a). As revealed by SED, invasion significantly 
enhanced soil invertase activity. Besides, site and stage of growth also had 
significant influence on the invertase activity (Table 4.31b). 
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Figure 4.30: Soil invertase activity (mean±SE) in Conyza canadensis invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.30a: ANOVA results for the effects of Conyza canadensis, stages of its growth, site and their 
interactions on soil invertase activity. 
Source  Type III sum 
of squares 
df Mean square F  Sig.  
Site  1260.099 2 630.049 251.048 .000 
Stage of plant growth  207.029 2 103.514 41.246 .000 
Treatment 128.421 1 128.421 51.170 .000 
Site x Stage of plant growth 6179.786 4 1544.947 615.597 .000 
Site x  Treatment 1371.567 2 685.784 273.256 .000 
Stage of plant growth x  
Treatment 
672.950 2 336.475 134.071 .000 
Site x Stage of plant growth x  
Treatment 
1371.545 4 342.886 136.626 .000 
Error  90.348 36 2.510   
Total  239351.282 54    
Ph. D Thesis 
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Table 4.30b: Soil invertase activity [µg glucose g
-1
 soil h
-1
 (mean± SE)] 
in Conyza canadensis invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  79.46± 0.570 
Uninvaded 75.59± 0.826 
Flowering Invaded 79.93± 0.760 
Uninvaded 64.56± 0.879 
Post-flowering Invaded  68.75± 0.147 
Uninvaded 52.37± 1.026 
SII Pre-flowering Invaded  85.84± 0.335 
Uninvaded 71.48± 1.837 
Flowering Invaded 46.16± 1.020 
Uninvaded 53.16± 1.967 
Post-flowering Invaded  79.65± 0.430 
Uninvaded 61.78± 0.252 
SIII Pre-flowering Invaded  51.29± 1.683 
Uninvaded 38.40± 0.731 
Flowering Invaded 61.06± 0.875 
Uninvaded 88.83± 0.891 
Post-flowering Invaded  46.64± 0.575 
Uninvaded 64.85± 0.548 
SED (Site x Stage x Treatment)=1.2936 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I         70.109 Pre-flowering      67.01 Invaded          66.531 
Site II       66.345 Flowering           65.616 Uninvaded   63.446 
Site III      58.512 Post-flowering     62.33  
SED=0.528 SED=0.528 SED=0.431 
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Figure 4.31: Soil invertase activity (mean±SE) in Sambucus wightiana invaded 
and uninvaded (control) patches during (a) pre-flowering, (b) flowering 
and (c) post-flowering stages of growth at different study sites. 
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Table 4.31a: ANOVA results for the effects of Sambucus wightiana, stages of its growth, site and their 
interactions on soil invertase activity. 
Source  Type III sum of 
squares 
df Mean square F Sig.  
Site  1473.141 2 736.570 838.212 .000 
Stage of plant growth  3093.259 2 1546.630 1760.055 .000 
Treatment 2759.614 1 2759.614 3140.423 .000 
Site x Stage of plant growth 2067.840 4 516.960 588.297 .000 
Site x  Treatment 2880.796 2 1440.398 1639.164 .000 
Stage of plant growth x  
Treatment 
2217.700 2 1108.850 1261.864 .000 
Site x Stage of plant growth x  
Treatment 
5134.396 4 1283.599 1460.727 .000 
Error  31.635 36 .879   
Total  191914.925 54    
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Table 4.31b: Soil invertase activity [µg glucose g
-1
 soil h
-1
 (mean± SE)] 
in Sambucus wightiana invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of growth 
at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment Mean± SE 
SI Pre-flowering Invaded  67.51± 0.256 
Uninvaded 50.42±0.363 
Flowering Invaded 21.86±0.068 
Uninvaded 51.93±0.522 
Post-flowering Invaded  67.38±0.003 
Uninvaded 51.26±0.0006 
SII Pre-flowering Invaded  79.14±0.122 
Uninvaded 85.16±0.043 
Flowering Invaded 82.28±0.561 
Uninvaded 22.23±0.226 
Post-flowering Invaded  81.81±0.00076 
Uninvaded 31.90±0.0006 
SIII Pre-flowering Invaded  48.01±0.493 
Uninvaded 65.42±1.28 
Flowering Invaded 61.87±0.156 
Uninvaded 44.33±1.287 
Post-flowering Invaded  62.78±0.0019 
Uninvaded 41.32±0.0016 
SED (Site x Stage x Treatment)=0.765 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I         51.73 Pre-flowering      65.94  Invaded           63.63 
Site II        63.75 Flowering            47.42  Uninvaded     49.33 
Site III       53.96 Post-flowering     56.08  
SED=0.312 SED=0.312 SED=0.255 
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The invertase activity consistently increased at Site I during all the three 
stages of growth, but decline in the activity occurred at Site II at all the three 
stages in the A. cotula invaded sites.  Site III recorded decrease in invertase 
activity at pre-flowering and post-flowering stages but increased activity was 
recorded during the flowering stage (Figures 4.32a, 4.32b and 4.32c). Activity of 
invertase was found to be significantly influenced by site (F2, 36 = 240.487; 
P≤0.0001), stage (F2, 36 = 378.419; P≤ 0.0001) and invasion (F1, 36 = 16.335; P≤ 
0.0001) as well as their interaction (Table 4.32a).  Computation of SED revealed 
significant reduction in the invertase activity due to invasion. Significant changes 
in invertase activity were also due to site and stages of growth of A. cotula (Table 
4.32b). 
Irrespective of the identity of invasive plant species, soil invertase activity 
was higher in invaded patches compared to corresponding uninvaded (control) 
patches. While C. canadensis stimulated soil invertase activity by 4.86%, S. 
wightiana and A. cotula increased it by 28.98 and 2.05%, respectively (Figure 
4.32d). The stimulatory effect brought about by different invasive species differed 
significantly (Table 4.33). 
 
 
 
 
Ph. D Thesis 
 
237 
 
 
 
 
Figure 4.32: Soil invertase activity (mean±SE) in Anthemis cotula invaded and 
uninvaded (control) patches during (a) pre-flowering, (b) flowering and 
(c) post-flowering stages of growth at different study sites. 
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Table 4.32a: ANOVA results for the effects of Anthemis cotula, stages of its growth, site and their interactions 
on soil invertase activity. 
Source  Type III sum of 
squares  
df Mean square F Sig.  
Site  566.474 2 283.237 240.487 .000 
Stage of plant growth  891.377 2 445.689 378.419 .000 
Treatment 19.239 1 19.239 16.335 .000 
Site x Stage of plant growth 903.250 4 225.813 191.730 .000 
Site x  Treatment 1989.578 2 994.789 844.641 .000 
Stage of plant growth x  
Treatment 
1803.969 2 901.984 765.844 .000 
Site x Stage of plant growth x  
Treatment 
2264.221 4 566.055 480.618 .000 
Error  42.400 36 1.178   
Total  186171.463 54    
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Table 4.32b: Soil invertase activity [µg glucose g
-1
 soil h
-1
 (mean± SE)] 
in Anthemis cotula invaded and uninvaded (control) patches 
during pre-flowering, flowering and post-flowering stages of 
growth at different study sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site  Stage  of Plant 
Growth 
Treatment  Mean± SE 
SI Pre-flowering Invaded  58.78± 1.043 
Uninvaded 43.78± 0.523 
Flowering Invaded 77.21± 0.329 
Uninvaded 46.76± 0.814 
Post-flowering Invaded  68.09± 0.453 
Uninvaded 66.03± 0.397 
SII Pre-flowering Invaded  46.70± 0.376 
Uninvaded 55.59± 0.298 
Flowering Invaded 43.27± 0.865 
Uninvaded 55.88± 1.125 
Post-flowering Invaded  56.75± 0.137 
Uninvaded 58.71± 0.587 
SIII Pre-flowering Invaded  46.20± 0.542 
Uninvaded 58.73± 0.779 
Flowering Invaded 79.39± 0.849 
Uninvaded 56.99± 0.478 
Post-flowering Invaded  34.51± 0.095 
Uninvaded 79.17± 0.324 
SED (Site x Stage x Treatment)=0.886 
Treatment Main Effect 
Site Stage  of Plant Growth  Treatment 
Site I          60.11 Pre-flowering      51.63 Invaded           56.77 
Site II        52.82 Flowering            59.92 Uninvaded     57.96 
Site III       59.16 Post-flowering     60.54  
SED=0.362 SED=0.362 SED=0.295 
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Figure 4.32d: Percent increase in soil invertase activity in the sites invaded 
by Conyza canadensis, Sambucus wightiana and Anthemis cotula. 
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Table 4.33: Analysis of variance of percent increase/ decrease in the 
attributes studied in the soils invaded by Conyza canadensis, 
Sambucus wightiana and Anthemis cotula. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Attribute   Source Type III sum of 
squares 
df Mean 
square 
F Sig. 
Number of soil bacteria Between plants 169.762 2 84.881 .129 .880 
Error 51484.241 78 660.054   
Number of soil fungi Between plants 41673.519 2 20836.759 7.540 .001 
Error 215547.590 78 2763.431   
Soil microbial activity Between plants 10952.450 2 5476.225 7.482 .001 
Error 57087.021 78 731.885   
Soil microbial biomass Between plants 2078.650 2 1039.325 11.656 .000 
Error 6954.875 78 89.165   
Soil protease activity   Between plants 9558.329 2 4779.165 3.921 .024 
Error 95079.388 78 1218.967   
Soil alkaline phosphatase 
activity 
Between plants 31474.981 2 15737.491 8.702 .000 
Error 141056.484 78 1808.416   
Soil acid phosphatase 
activity 
Between plants 30323.947 2 15161.974 12.653 .000 
Error 93466.226 78 1198.285   
Soil urease activity Between plants 10507.186 2 5253.593 .930 .399 
Error 440617.089 78 5648.937   
Soil asparaginase activity Between plants 355236.380 2 177618.190 3.219 .045 
Error 4304198.264 78 55182.029   
Soil invertase activity Between plants 44545.731 2 22272.866 5.911 .004 
Error 293892.537 78 3767.853   
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Impact of invasion on soil microbial structure 
 
It is now well known that invasive alien plant species can change the 
composition and functioning of microbial communities, alter soil food web 
structures and influence nutrient cycling (Ehrenfeld, 2003; Belnap et al., 2005; 
Hawkes et al., 2005; Batten et al., 2006; Peltzer et al., 2009; Nie et al., 2010).  
It is for these reasons analysis of nucleic acids directly extracted from 
rhizosphere soils is employed to provide an opportunity to study a much 
broader spectrum of microorganisms residing in the rhizosphere. Most 
frequently rRNA gene fragments are amplified from total community DNA and 
subsequently analysed by fingerprinting techniques. Such cultivation-
independent fingerprinting methods have clearly shown the influence of plant 
species on the structure of the microbial community. In view of usefulness of 
these new molecular methods in elucidating the impact of invasive species on 
soil microbial communities, Denaturing Gradient Gel Electrophoresis (DGGE) 
technique was used in the present study to examine the impact of two invasive 
plant species, namely Conyza canadensis and Sambucus wightiana on the  
rhizospheric microbial communities. Analysis of the DGGE gels of bacteria 
from the patches  invaded and uninvaded  by C. canadensis revealed that out of 
57 bacterial species, only 20 were shared between invaded and uninvaded 
patches, 21 occurred exclusively in the invaded patches and 16 were restricted 
to uninvaded patches. Not only the nature of the species was influenced by the 
invasion of C. canadensis, but the species richness was also impacted. In fact, 
the total number of species in the invaded and uninvaded patches was 41 and 
36, respectively (Figure 4.1a). The phylogenetic analysis indicated that the 
bacterial DNAs amplified from the patches colonized by C. canadensis 
grouped mainly into Sphingobacteria and Alphaproteobacteria groups. No 
phylogenetic group, however, was distinctively favoured or inhibited by C. 
canadensis (Plate 4). Chitinophagaceae from Sphingobacteria included a total 
of 10 members, of which 6 occurred exclusively in the invaded patches while 
four were shared between invaded and uninvaded patches. Nine members of 
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Rhizobiaceae from Alphaproteobacteria group were equally distributed 
between invaded and uninvaded patches. Other families like Burkholderiaceae, 
Micrococcaceae and Flavobacteriaceae seemed to be more or less fairly 
distributed between invaded and uninvaded patches (Tables 4.1a and 4.1b). 
Groups of bacteria that were shared between invaded and uninvaded patches 
were not present in the same proportion in the two patches, e.g., 
Sphingobacteria formed 34% of the identified sequences in the invaded patches 
but only 16% in the uninvaded control patches, Betaproteobacteria which 
formed 13% of the total identified sequences in the invaded patches formed 
only 8% in the uninvaded control patches. Cyanobacteria were found in the 
invaded patches whereas Acidobacteria occurred exclusively in uninvaded 
(control) patches. 
 
Likewise, invasion by S. wightiana also brought about significant 
alteration of the soil microbial community structure. Out of a total of 16 
species, 8 species were unique to invaded patches and 8 occurred exclusively in 
the uninvaded (control) patches (Figure 4.1b). Analysis of the phylogenetic tree 
of bacterial sequences amplified from patches invaded and not invaded by S. 
wightiana revealed that most of the sequences belonged to Bacteriodetes group 
(Plate 5). Most dominant family Chitinophagaceae was nearly uniformly 
distributed between invaded and uninvaded patches. Out of the total five 
members of this family two were present in the invaded patches and three 
occurred in the uninvaded patches. Flavobactriaceae was represented by a 
single member which occurred in association with S. wightiana (Tables 4.1c 
and 4.1d). On the contrary, families like Gallionellaceae and Thiotrichaceae 
seemed to be too sensitive to invasion by S. wightiana and hence occurred in 
the uninvaded (control) patches only.  
 
Jaccard‘s similarity co-efficient revealed that species in patches invaded 
by C. canadensis were only 35.08% similar to those in the uninvaded patches 
and in case of S. wightiana similarity co-efficient turned out to be zero as none 
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of the species of bacteria occurring in the invaded patches were present in the 
uninvaded patches. Thus, the impact of Conyza canadensis and Sambucus 
wightiana on the soil microbial diversity is quite evident. Similar results have 
been obtained by Kuske et al. (2002) in Canyonlands National Park (Utah) 
where the bacterial communities associated with the rhizospheres of the native 
bunchgrasses Stipa hymenoides and Hilaria jamesii, the invading annual grass 
Bromus tectorum and the interspaces colonized by cyanobacterial soil crusts 
were compared using Terminal Restriction Fragment Length Polymorphism (T-
RFLP). Major differences were observed in the rhizospheres of the three plant 
species as has been observed during the present study. Present observations 
also draw support from another study wherein impact of eight herbaceous 
plants was analysed in a greenhouse experiment. This study also confirmed 
occurrence of plant-specific Single Strand Conformation Polymorphism 
(SSCP) profiles for bacteria, such as Alphaproteobacteria, Actinobacteria and 
Pseudomonas (Dohrmann and Tebbe, 2005). In addition, in a recent study by 
Yannarell et al. (2011) bacterial communities from sites heavily invaded by 
Lespedeza cuneata were also found to differ significantly from uninvaded sites. 
Fungal communities associated with this invasive plant were also significantly 
different from bulk soil at least in case of one of the heavily invaded sites.  
 
An important observation during the present study was that an 
ammonium oxidizing bacterium from Betaproteobacteria group was present in 
the S. wightiana invaded patches while as a nitrate oxidising one from 
Alphaproteobacteria group occurred in the uninvaded (control) patches. 
Briones et al. (2002) also found cultivar-specific differences for ammonia-
oxidizing bacteria (AOB) in rice rhizospheres by a multiphasic approach, 
including DGGE of the amoA gene, analysis of libraries of cloned amoA gene, 
fluorescently tagged oligonucleotide probes targeting the 16S rRNA gene of 
AOBs as well as metabolism rates obtained by the N
15
 dilution technique. 
However, contrary to the observations in the present study, soil bacterial 
diversity was reduced following the invasion of Flaveria bidentis, and the 
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diversity level was increased by cultivating replacement plants (Sorghum 
bicolor × S. sudanense, Helianthus annuus, Medicago sativa and Lolium 
perenne) with F. bidentis (Su-Li et al., 2011).  
 
Thus, findings of the present study and the other studies mentioned 
above contradict the viewpoint that bacteria which occur inside soil aggregates 
and other small pores associated with clay particles may not be subject to direct 
extreme fluctuations of microclimate in their habitat (Bushby and Marshall, 
1977; Hattori, 1988; Denef et al., 2001; Blankinship et al., 2011) and, 
therefore, may not be influenced much by the alterations in their environment. 
Difference in the nature of bacterial species in the patches invaded and 
uninvaded by C. canadensis and S. wightiana are also supported by the 
observations of Marschner et al. (2001) who concluded that the bacterial 
community composition in the rhizosphere is affected by a complex interaction 
between soil type, plant species and root zone location. They analysed three 
plant species (chickpea, rape and Sudan grass) grown in intact cores of three 
Californian soils (sandy soil, sandy loam and clay) by PCR-DGGE of 16S 
rRNA gene fragments. Other studies have indicated that plant species (Wieland 
et al., 2001; Kowalchuk et al., 2002) and soil type (da Silva et al., 2003) are 
dominant factors which influence composition of the rhizospheric microbial 
community. Root exudates have been implicated as a driving force in plant - 
microbe interactions, but researchers are only beginning to understand the role 
of signalling compounds in mediating belowground interactions (reviewed in 
Bais et al., 2006; Haichar et al., 2008). Nunan et al. (2005) and Zachow et al. 
(2009) have also pointed out the significant influence of factors, such as 
topography, soil type and geographical region on specific communities. Thus, 
all these factors may be operative in concert in determining the observed 
impact of C. canadensis and S. wightiana on the soil bacterial community 
structure. 
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Keeping in view multiple roles of soil fungi in ecosystem functioning; 
the present study also explored the structure of rhizospheric fungi in relation to 
invasion by C. canadensis and S. wightiana. The study revealed that invasion 
by C. canadensis resulted in altered species composition and higher diversity of 
soil fungi in the invaded patches as compared to the uninvaded patches. Of the 
35 different Ascomycete fungal species, 10 species were common between 
invaded and uninvaded patches, 17 species occurred exclusively in the invaded 
patches and 18 in the uninvaded (control) patches in the sites invaded by C. 
canadensis. Distinct differences in the species composition were evident in 
rhizospheric soils of invaded and uninvaded patches. In fact, certain species 
were exclusively found in the soils invaded by C. canadensis thereby indicating 
a shift in the microbial community structure induced by this invasive species. 
For example, among the 6 species of Davidiellaceae, only two, namely 
Cladosporium pseudocladosporioides and C. xylophilum were common 
between invaded and uninvaded patches; others occurred exclusively in the 
uninvaded (control) patches. Likewise, 3 species of Pleosporaceae, out of a 
total of 5 members, occurred only in C. canadensis invaded patches and both 
the members of Mycosphaerellaceae were also found only in the invaded 
patches. Peziza subcitrina (Pezizaceae), Paraphoma chrysanthemicola 
(Phaeosphaeriaceae) and Penicillium sp. (Trichocomaceae) were also confined 
to invaded patches (Tables 4.2a and 4.2b). Pleosporaceae was more species rich 
in the invaded patches where 3 of its species occurred. Likewise, members of 
Mycosphaerellaceae, Phaeosphaeriaceae Trichocomaceae and Ascobolaceae 
were exclusive to patches invaded by C. canadensis. Families present both in 
the invaded and uninvaded patches did not occur in the same proportion in the 
two patches. While Davidiellaceae included only 8% of the total of 24 
identified species in the invaded patches, it represented 40% of the total 
identified species in the uninvaded patches. Pleosporaceae represented 20% of 
the identified species in the invaded patches but only 13% in the uninvaded 
patches. Jaccard‘s similarity co-efficient revealed species similarity index value 
of 28.6% between invaded and uninvaded patches. In contrast to exclusive 
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occurrence of certain species to either invaded or uninvaded patches, the only 
representative of Myxotrichaceae occurred in both invaded and uninvaded 
patches. Didymellaceae was represented by two members, one of which, 
namely Didymella phacae occurred in invaded patches while the other 
Leptosphaerulina americana was common to invaded and uninvaded patches.  
 
Significant alteration in the richness and diversity of Ascomycete fungi 
due to invasion by S. wightiana is also evident from the present study. Out of 
the 16 different species representing 54 bands on the DGGE gels, 5 species 
occurred exclusively in the invaded patches while as 11 were unique to 
uninvaded (control) patches and only 2 species were common between invaded 
and uninvaded patches (Figure 4.2b). Myxotrichaceae was represented by 5 
species of which two occurred exclusively in the uninvaded (control) patches, 
one was restricted to invaded patches and two other species were shared 
between invaded and uninvaded patches (Tables 4.2c and 4.2d). 
Pyronemataceae, represented by three species of genus Wilcoxina, was also 
present in both invaded and uninvaded patches. Devriesia sp. from Capnodiales 
was present only in the uninvaded patches (Plate 7). Family Myxotrichaceae 
formed 50% of the identified sequences in the invaded and uninvaded patches. 
Pyronemataceae formed 33.33% of the identified sequences in the invaded 
patches and 12.5% in the uninvaded patches. 
In case of Basidiomycete fungi which were studied in the Sambucus 
invaded sites only, 7 species were found to be unique to the invaded patches 
while as 5 were unique to uninvaded patches, with only 1 species occurring in 
both invaded and uninvaded patches (Figure 4.2c). Tricholomataceae with six 
members was the dominant family. This family comprised 37.5 % of the 
identified sequences in the invaded patches and 66.66% in the uninvaded 
patches (Plate 8). However, other families of Basidiomycete fungi, like 
Ganodermataceae, Agaricaceae and Ceratobasidiaceae occurred exclusively in 
the patches invaded by S. wightiana and none of these had even a single 
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representative in the uninvaded patches (Tables 4.2e and 4.2f). Cortinariaceae 
and Lyophyllaceae, on the other hand, seemed to be inhibited by Sambucus 
invasion as none of the members of these families occurred in patches invaded 
by S. wightiana. Jaccard‘s similarity co-efficient revealed 12.5% similarity 
between species of Basidiomycete fungi in the invaded and uninvaded patches 
and for Ascomycete fungi it was only 10%. Similar findings have been 
reported in the studies evaluating impact of other invasive plants on specific 
fungal groups (Mummey et al., 2005; Mummey and Rillig, 2006; Broz et al., 
2007). For example, Centaurea maculosa has been shown to bring about 
significant decline in fungal abundance and diversity. Broz et al. (2007) 
reported that bulk soil from high density stands of C. maculosa contained over 
80% less fungal DNA as compared to low density stands. High density stands 
were also associated with decline in abundance of six phylotypes. Decreased 
microbial diversity could have implications for the ecosystem since greater 
species richness can facilitate plant species diversity and ecosystem 
productivity (van der Heijden et al., 1998). It has been stated that C. maculosa 
disrupts the arbuscular mycorrhizal fungal community of native and naturalized 
grasses (Mummey et al., 2005; Mummey and Rillig, 2006). Although resource 
availability (Carney et al., 2004; Waldrop et al., 2006) and pH (Fierer and 
Jackson, 2006) etc. are regarded as better predictors of microbial community 
diversity than the plant community (Broz et al., 2007), yet the reduction in 
fungal diversity with high density of invasive plants has been linked with the 
reduction in plant diversity in these stands (Broz et al., 2007). Microbial 
community alterations in the rhizosphere of invasive plants extend to 
neighbouring native species (Broz et al., 2007). Presence of invasive plants can 
alter AM fungal community inhabiting roots of neighbouring plants as has been 
reported in C. maculosa (Mummey et al., 2005) and A. cotula (Shah et al., 
2009b).  
Members of soil microbial communities may respond to invasive plants 
at different scales, some interacting with them more directly than others leading 
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to different impacts (Yannarell et al., 2011). Except for Ascomycete diversity 
in the Sambucus invaded patches which declined, there was an increase in soil 
microbial species diversity in the Conyza as well as in Sambucus invaded sites. 
Like in the present study, Fan et al. (2010) also found higher soil microbial 
diversity and richness in soils after Lantana invasion. On the other hand 
invasion by Acacia dealbata increased bacterial richness but decreased both 
diversity and richness of fungi (Lorenzo et al., 2010). The authors speculated 
that allelopathic compounds released by A. dealbata may have inhibitory effect 
on soil fungi resulting in the decreased fungal richness. However, contrary to 
the observations in the present study, many workers have reported decrease in 
fungal diversity after C. maculosa invasion (Lutgen and Rillig, 2004; Klein et 
al., 2006; Mummy and Rillig, 2006). Alliaria petiolata also decreased AM 
fungal diversity in soils from four different regions of North America 
(Callaway et al., 2008). 
The foregoing discussion makes it apparent that the two invasive species 
investigated during the present study brought about an alteration in the soil 
microbial community structure. Several workers have also reported that 
invasive species modify the soil microbiota (e.g., Callaway et al., 2004b; 
Reinhart and Callaway, 2006; Kao-Kniffin and Balser, 2007; Jordan et al., 
2008; Sanon et al., 2009). It is because microbial communities around roots of 
invasive species can be suppressed by root antimicrobial exudates (Bais et al., 
2004a). Conversely exotic plants can enhance the growth of beneficial 
microbes in their rhizosphere and establish positive feedbacks that can 
contribute to the decrease in native biodiversity (Callaway et al., 2004b). 
Recently, it was reported that root–microbe communication can significantly 
contribute to plant invasions (Reinhart and Callaway, 2006; Jordan et al., 2008) 
and Wolfe and Klironomos (2005) showed that the substitution of many plant 
species by exotics during invasion processes can alter the soil community 
composition and, therefore, affect ecosystem processes.  
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Invasive plant species can also affect the soil microbial community by 
altering nutrient pools and other processes like N, C and P cycles (Wolfe and 
Klironomos, 2005; Kao- Kniffin and Balser, 2007). Besides, plant invasion can 
induce alterations in salinity, moisture, pH, humidity and temperature which, in 
turn, also influence soil microbial community composition (Belnap and 
Phillips, 2001; Ehrenfeld, 2003; Koutika et al., 2007). For example, the 
invasive tree, Myrica faya, increased nitrogen fixation by 9000% in highly 
invaded areas in Hawaii (Vitousek and Walker, 1989) and experimental N 
additions have been shown to change microbial community composition in 
Hawaiian soils (Balser, 2001) and decrease microbial enzyme activities and 
biomass in a Michigan hardwood forest (DeForest et al., 2004). Soil 
aggregation and erosion processes that impact microbial physical habitat are 
also affected by plant invasion. For example, invasive annual grasses 
(including goatgrass) can either increase or decrease soil aggregate stability 
(Eviner and Chapin, 2002; Rillig et al., 2002; Batten, 2004). 
 
Conventional culturing of soil from invaded and uninvaded patches 
revealed that C. canadensis, S. wightiana and A. cotula significantly stimulated 
soil bacterial counts in the invaded patches, in comparison to their respective 
uninvaded (control) patches. The three plants did not differ in their impact on 
soil bacterial numbers (Table 4.33). Bacteria can positively interact with plants 
by producing protective biofilms or antibiotics operating as biocontrols against 
potential pathogens (Bais et al., 2004b), or by degrading plant- and microbe-
produced compounds in the soil that would otherwise be allelopathic or even 
autotoxic (Bais et al., 2006).  In comparison to bacteria, invasion by C. 
canadensis significantly and almost consistently decreased soil fungal numbers 
(Tables 4.6a and 4.6b). But invasion due to S. wightiana increased soil fungal 
counts in the invaded soils consistently during pre-flowering and flowering 
stages across all the three study sites; however, during post-flowering stage 
decrease in soil fungal counts in comparison to uninvaded patches was 
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recorded for all the three invaded patches studied (Tables 4.7a and 4.7b). Soil 
fungi exhibited a mixed response to invasion by A. cotula.   
 
Influence of Conyza and Anthemis invasion on soil microbial numbers 
could be due to allelopathic potential of these plants. Phytotoxins originating 
from these plants through leaching and decay or exudation from roots must be 
eventually accumulating in soil in biologically significant amounts and 
consequently must be playing an active role in exerting a causative influence 
on soil microbial composition. Allelopathic chemicals released from the plants 
often play a vital role in determining spatial patterns and interspecific 
associations between the species (Shaukat et al., 1983). Polyphenols are the 
most abundant class of secondary metabolites reported to occur in C. 
canadensis which comprise a diverse array of chemically inert lignins and 
biologically reactive phenolic and flavonoid compounds. Apart from the direct 
toxicity, allelopathic compounds, (for example 8-hydroxyquinoline) have been 
reported to play important role in nutrient acquisition process providing an 
edge to invasive species in nutrient poor ecosystems over natives (Tharayil et 
al., 2009). In addition to growth inhibitors, Conyza has been reported to exude 
growth promoters like phytohormones (Shaukat et al., 2003). Thin layer 
chromatography has revealed presence of four phenolic compounds: vanillic 
acid, catechol, gallic acid and syringic acid in it (Shaukat et al., 2003). Presence 
of other growth inhibiting agents cannot be ruled out. Toxic nature of phenolic 
compounds released by plants has been reported by other workers as well 
(Blum, 1996; Inderjit, 1998; Burhan and Shaukat, 2000).  
 
Impact of invasion on soil microbial functions 
 
Soil microbial biomass 
 
Invasion by C. canadensis significantly decreased soil microbial 
biomass and the decrease was consistent except for a single instance of 
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stimulation observed during post-flowering stage at Site I (Figure 4.9a; 4.9b 
and 4.9c).  On the contrary, S. wightiana significantly increased soil microbial 
biomass in the invaded patches almost consistently (Figures 4.10a; 4.10b and 
4.10c). Microbial biomass showed a site specific response vis-a-vis invasion by 
A. cotula. While at Site I it increased during all the three stages due to invasion, 
it decreased at Site II during all the three stages (Figures 4.11a; 4.11b and 
4.11c). Broz et al. (2007) recorded nearly seven times reduction in soil fungal 
biomass in the soils invaded by Centaurea maculosa at high density compared 
to low density stands. In a study by Li et al. (2007), microbial biomass C, N 
and P individually increased with invasive Mikania micrantha cover indicating 
that invasion resulted in more assimilation of C, N and P by microorganisms. 
These authors speculated that increase in soil microbial biomass may be a key 
factor in successful invasion of M. micrantha. It is important to note that 
bacteria and fungi make up most of the soil microbial biomass (Fierer et al., 
2009; Blankinship et al., 2011) and any change in the number of bacteria and 
fungi would result in change in microbial biomass as well. The turnover of soil 
microbial biomass is of importance as it influences cycling, distribution, and 
availability of nutrients to plants (Ingham, et al., 1985; Hunt et al., 1987; 
Verhoef and Brussaard, 1990; Bardgett and Chan, 1999) and soil aggregate 
stability (Wright and Upadhyaya, 1998; Blankinship et al., 2011).  
 
Soil microbial activity  
 
Hydrolysis of fluorescein diacetate assesses the overall microbial 
activity of soil. It determines the contribution of several enzyme activities 
involved in the decomposition of the soil organic matter, such as non-specific 
esterase, protease, and lipase activities (Nannipieri et al., 2003). In the present 
study also the hydrolysis of fluorescein diacetate was used to assess the overall 
microbial activity of soil. Total soil microbial activity in the invaded stands 
was lower as compared to their respective control patches in each of the three 
cases (Tables 4.12b; 4.13b and 4.14b). Except for a marginal increase in soil 
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microbial activity during pre-flowering stage at Site I, invasion by C. 
canadensis consistently and significantly decreased soil microbial activity in 
the invaded patches (Figures 4.13a; 4.13b and 4.13c). Although Sambucus 
stimulated soil microbial activity in the invaded patches during pre-flowering 
stage at Sites II and III; the total effect of invasion on soil microbial activity by 
this invasive species was inhibitory and the inhibition was statistically 
significant (Tables 4.13a and 4.13b). Invasion by A. cotula also decreased soil 
microbial activity significantly (Tables 4.14a and 4.14b). Thus, all the three 
invasive species decreased soil microbial activity in the invaded patches 
(Figure 4.14d). Similar findings have been reported by Sicardi et al. (2004), 
who found decreased soil microbial activity using both fluorescein diacetate 
and dehydrogenase assay in a pasture ecosystem after introduction of 
Eucalyptus grandis. Chacón et al., (2009), who also used the hydrolysis of 
fluorescein diacetate to assess the overall microbial activity potential, found 
that plant invasion in the arid ecosystem did not change the soil microbial 
activity. The higher values of fluorescein diacetate hydrolysis under Stapelia 
gigantea and legume tree sites in comparison to those obtained under 
Kalanchoe daigremontiana and scrub sites were attributed to the different 
composition of soil microflora. Invasion by Microstegium vimineum did not 
change soil microbial activity measured as substrate-induced respiration (SIR), 
despite a decrease in microbial biomass measured with chloroform fumigation 
extraction (Strickland et al., 2010). Kourtev et al. (2002a, 2003) found 
increased SIR as well as increased N-related soil enzyme activity in presence of 
M. vimineum in both laboratory and field settings. Soil microbial activity 
assayed as basal respiration (BR) and SIR increased in the Lantana (Fan et al., 
2010) and M. micrantha (Li et al., 2007) invaded sites, Lantana invasion also 
increased metabolic quotient (qCO2); however, M. micrantha decreased it.  
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Soil enzymes 
 
Physiological response of soil microbial community to change in the 
nutritional environment as a result of change in plant community structure due 
to alien invasion can be effectively monitored by studying soil enzyme 
activities. Soil enzymes strongly influence the functioning of soil ecosystems 
because they catalyze several important reactions involved in the 
decomposition of organic matter and cycling of key nutrients, such as N and P 
(Dick, 1994; Makoi and Ndakidemi, 2008; Castillo-Monroy et al., 2011). It is 
for these reasons that the influence of exotic plants on the activity of soil 
enzymes has been reported previously by several workers (Kourtev et al., 
2002b; Allison et al., 2006; Chapuis-Lardy et al., 2006). During the present 
study also, activity of several soil enzymes was studied in invaded and 
uninvaded (control) patches. Present investigation revealed that protease 
activity suffered significant decline due to invasion by C. canadensis (Tables 
4.15a and 4.15b), and the decline in the activity was consistent across the study 
sites and during all the stages of plant development, except during post 
flowering stage at Site II. S. wightiana (Tables 4.16a and 4.16b) and A. cotula 
(Tables 4.17a and 4.17b) did not influence soil protease activity much. While 
protease activity in S. wightiana invaded patches decreased during all the 
stages of plant development at Site I, it increased during all the stages of plant 
development both at Sites II and III.  In case of A. cotula, activity of protease 
decreased at Sites I and III during pre-flowering stage; however, it recovered at 
subsequent stages at both the sites. Consistent increase in the soil protease 
activity was recorded at Site III (Figures 4.17a; 4.17b and 4.17d).  
 
The activities of other allied enzymes in nitrogen metabolism i.e., urease 
and asparaginase were also decreased by C. canadensis invasion. Urease 
activity decreased across all the three sites during all the three stages except 
during pre-flowering stage at Site I (Figures 4.24a; 4.24b and 4.24c). Activity 
of asparaginase was also inhibited by Conyza invasion across all the study sites 
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and during all the three stages of plant growth except during pre-flowering 
stage at Site I (Figures 4.27a; 4.27b and 4.27). Reduction in the activity in both 
the cases was statistically significant (Tables 4.24b and 4.27b). Sambucus 
inhibited urease activity (Figures 4.25a; 4.25b and 4.25c) but stimulated 
asparaginase activity (Figures 4.28a; 4.28b and 4.28c). Inhibition in activity of 
urease occurred almost at all the stages of plant development except 
stimulation during flowering stage at Site I and during post-flowering stage at 
Site II. Anthemis stimulated both urease as well as asparaginase activities 
slightly. However, while the impact was significant in the former case, it was 
insignificant in the latter case (Tables 4.26a; 4.26b; 4.29a and 4.29b).  
 
Activities of enzymes like protease, urease, amidase and asparaginase 
are of vital importance because of their involvement in N cycling (Rahmansyah 
and Sudiana, 2010). Urease activity is correlated to soil organic matter (SOM) 
because of the stimulating effects of SOM on soil microbial biomass and the 
stabilization of the extracellular urease by humic substances (Nannipieri et al., 
1978; Nannipieri et al., 1983; Roscoe et al., 2000; Nourbakhsh and Monreal, 
2004; Allison et al., 2006; Corstanaje et al., 2007). Asparaginase activity, an 
index of heterotrophic microbial populations and relative N-mineralization 
potential in soils (Dodor and Tatabai, 2003), originates from living cells, intact 
dead cells and cell debris (Miller and Dick, 1995). Hawkes et al. (2005) found 
that exotic grasses increased nitrification rates by stimulating the soil nitrifying 
community and speculated that ammonia-oxidizing bacteria and heterotrophic 
microbes were able to obtain a greater fraction of mineral N when associated 
with exotic compared to native grasses. Kourtev et al. (2002a) showed that 
soils under exotic plants associated with increased nitrification also had higher 
activities of N-related enzymes and proposed that the soil biota under such 
conditions were N limited. Falcataria moluccana invasion increased the 
activity of soil urease by increasing the supply of C and N in the ecosystem 
through the litter input (Allison et al., 2006). According to these workers the 
inputs of organic N probably stimulated soil microbes to produce urease 
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enzyme. Chacón et al. (2009) observed high litter accumulation at the sites 
occupied by Kalanchoe daigremontiana, which was consistent with the highest 
soil organic carbon (SOC) determined for such sites. Also their data showed 
that in soil collected under K. daigremontiana, the urease activity was the 
highest and positively related to SOC. Lepidium latifolium invaded sites had 
signiﬁcantly greater urease, amidase, glutaminase, and asparaginase activities 
than sites occupied by Elytrigia elongata for most dates and soil depths studied 
(Blank, 2002). Li et al. (2006) found higher protease activity in the soils under 
invasive Mikania micrantha. Mechanistically plants may increase activity of 
these enzymes by root exudation and by rapid turnover and/or fostering a 
greater abundance of bacterial species manufacturing these enzymes (Skujins, 
1967). Kourtev et al. (2003) also reported significantly higher activity of 
aminopeptidase in the soils under Microstegium vimineum in a green house 
experiment. All these factors might have influenced the activity of enzymes by 
the three invasive species investigated during the present study. 
 
Phosphorus metabolizing enzymes, acid and alkaline phosphatases on 
the whole were inhibited in the invaded patches and all the three invasive 
plants had a negative effect on the activities of acid and alkaline phosphatase. 
Reduction in the activity of phosphatases was statistically significant. In 
conformity with these findings, Eucalyptus grandis decreased activity of both 
acid and alkaline phosphatases in a pasture ecosystem (Sicardi et al., 2004). 
However, contrary to observations in the present study, Chacón et al. (2009) 
did not find  any difference in the activity of alkaline phosphatase in sites 
invaded by Kalanchoe daigremontiana and Stapelia gigantea,. The authors 
suggested that invasive plants were not P limited as phosphatase production 
was increased in response to P limitation (Rojo et al., 1990). Vaccinium 
invaded soils supported higher acid phosphatase activity (Kourtev et al., 2002a) 
while Microstegium vimineum invaded soils supported higher alkaline 
phosphatase activity in the invaded soils (Kourtev et al., 2003). The higher 
rates of acid phosphatase in Vaccinium invaded soils reflected the organic-rich 
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surface soils, while strikingly higher alkaline phosphatase activity beneath 
Microstegium pointed towards highly alkaline conditions associated with the 
populations of this plant (Kourtev et al., 1998) which suppress acid 
phosphatase and promote alkaline phosphatase activity (Acosta-Martínez and 
Tabatabai, 2000; Kourtev et al., 2002a; Krämer and Green, 2000). In sites 
invaded by Solidago gigantea and Falcataria moluccana acid and alkaline 
phosphatase activities were higher than in soils occupied by native vegetation, 
probably to meet the high demand of available P by plants and microbes 
(Allison et al., 2006; Chapuis-Lardy et al., 2006). Mikania micrantha has also 
been reported to enhance organic P mineralization rates (Li et al., 2006). In the 
present study, however, activity of both these enzymes reduced in the invaded 
patches in case of all the three plants studied indicating that phosphorus was 
not limiting growth of these invasive plants.  
 
 Invertase was the only enzyme involved in C cycle that was studied 
during the present study to evaluate the impact of invasion. All the three 
invasive plants influenced invertase positively and the positive effect of plant 
invasion was found to be statistically significant. In C. canadensis invaded 
sites, Site I exhibited consistent increase in its activity while Site II witnessed 
decline in the activity during flowering stage but both pre-flowering and post-
flowering stages had higher invertase activity in the invaded patches as 
compared to the uninvaded control patches. Invertase activity was stimulated 
during pre-flowering stage but declined subsequently both at flowering and 
post-flowering stages at Site III (Figures 4.30a; 4.30b and 4.30c). Sites II and 
III had lower invertase activity during pre-flowering stage and Site I 
experienced lower invertase activity during flowering stage in S. wightiana 
invaded soils. Higher invertase activity was recorded in the invaded patches 
than in the uninvaded control patches (Figures 4.31a; 4.31b and 4.31c) at all the 
other stages of growth and sites. 
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Amongst the sites invaded by A. cotula, Site I consistently recorded 
higher invertase activity as compared to uninvaded control sites and Site II 
recorded lower invertase during all the three stages of plant growth.  Site III 
recorded lower invertase activity during pre-flowering and post-flowering 
stages and increased invertase activity during flowering stage (Figures 4.32a; 
4.32b and 4.32c). Our results draw support from the studies carried out by Li et 
al. (2006) who also recorded higher invertase activity in the M. micrantha 
invaded soil. Kourtev et al. (2003) found higher endocellulase (a carbon 
metabolizing enzyme) activity in the soils invaded by Microstegium vimineum. 
In addition, activity of phenol oxidase was also significantly higher in the 
invaded soils. Soils invaded by Vaccinium sp. also supported higher cellulolytic 
activities (Kourtev et al., 2002a). The authors attributed higher CM-cellulase 
activity to the higher SOM content which was positively correlated with soil 
humus formation. It is possible that residual soil particles, microbes adhering to 
root surfaces, and mycorrhizae on roots contributed to measured activities. As 
observed during the present study, Ravit et al. (2003) also recorded changes in 
the activities of soil microbial enzymes due to invasive plants in a brackish 
marsh sediment system wherein Spartina alterniflora was replaced by 
Phragmites australis.  
 
Thus, foregoing discussion makes it increasingly apparent that a wide 
range of belowground biotic interactions play important roles in determining 
plant interactions and ecosystem function (e.g., Bever et al. 1997; Callaway et 
al., 2001; Van der Heijden et al., 1998, 2003; Bever, 2003). The results 
obtained by Callaway et al. (2004b) indicate that Centaurea maculosa can 
specifically cause shifts in the composition of soil bacterial communities, in 
part through the release of catechin, an allelochemical exhibiting phytotoxic 
and antimicrobial activities (Bais et al., 2002; Vivanco et al., 2004). Callaway 
et al. (2004b) also suggested that C. maculosa was able to modify the microbial 
community in invaded soils to its advantage. Recently, Liao et al. (2008) 
conducted a meta-analysis of the studies dealing with the study of impact of 
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invasive plants and found that on an average, invaders were correlated with 
much higher litter decomposition rates and increases in soil nitrogen 
mineralization and nitrification (also see Ashton et al. 2005; Feng et al., 2009). 
Ehrenfeld et al. (2001) and Ehrenfeld (2004) suggested that unusual traits of 
many invasives, relative to local natives, might affect the particular way in 
which they alter ecosystem properties. These traits include greater size, higher 
growth rates and photosynthetic rates, higher live tissue and litter nutrient 
concentrations, and highly effective nitrogen-fixing symbioses. While most 
published studies report increased soil nutrient stock and/or availability under 
invasive plant species compared to uninvaded ecosystems (Musil, 1993; Scott 
et al., 2001; Duda et al., 2003; Vanderhoeven et al., 2005; Chapuis-Lardy et al., 
2006; Liao et al., 2008), other studies show the opposite pattern (Christian and 
Wilson, 1999; Leary et al., 2006).  
 
The present study clearly brings out that the impact of invasive plant 
species is context-specific and depends on the characteristics of the invasive 
plant, stage of growth, and site characteristics. Such conclusions are supported 
by a number of other studies which have documented variable effects of a 
given species in different environments (Bolton et al., 1990; Evans et al., 
2001). It has also been reported that the same species may have different 
impacts, depending on local conditions (Stock et al., 1995; Meyerson et al., 
2000; Belnap and Philips, 2001; Scott et al., 2001). This confounds drawing 
any conclusions on the ecological impacts of invasive plant species (Ehrenfeld, 
2003; Liao et al. 2008) and hence a large number of studies involving different 
invasive species and varied ecosystems need to be carried out before any broad 
generalizations are drawn about the impact of invasive plant on ecosystem 
structure and function. 
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ased on the present studies carried out to investigate the 
impact of three invasive species, namely C. canadensis, S. 
wightiana and A. cotula on various structural and functional 
attributes of soils in the Kashmir Valley employing recent molecular and 
conventional approaches, following conclusions can be drawn.  
 
1. DGGE profiles revealed that soil bacterial diversity was enhanced in 
Conyza canadensis invaded patches while in case of S. wightiana total 
number of species of bacteria remained unchanged, but the nature of 
species in the invaded patches was entirely altered (Tables 4.1a and 
4.1c; Figures 2.1a and 2.1b). 
 
2. The DGGE analysis also revealed that soil Ascomycete fungi were 
positively influenced by invasion of C. canadensis as well as S. 
wightiana. S. wightiana, however, had a negative effect on the diversity 
of soil Basidiomycete (Tables 4.2a, 4.2c and 4.2e; Figures 2.2a, 2.2b and 
2.2c). 
 
3. Plate counts of soil bacteria were stimulated in the patches invaded by 
C. canadensis, S. wightiana as well as A. cotula (Tables 4.3b, 4.4b and 
4.5b; Figure 4.5d). 
 
4. Both C. canadensis as well as A. cotula decreased plate counts (number 
of colony forming units) of fungi in the invaded patches while as plate 
counts of soil fungi were stimulated in the patches invaded by S. 
wightiana (Tables 4.6b, 4.7b and 4.8b; Figure 4.8d). 
 
5. Soil microbial biomass was inhibited due to invasion by C. canadensis 
and A. cotula (latter inhibited it only marginally). On the other hand, S. 
wightiana increased soil microbial biomass in the soils invaded by it 
(Tables 4.9b, 4.10b and 4.11b; Figure 4.11d). 
B 
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6. All the three invasive plants decreased soil microbial activity in the 
invaded patches as revealed by fluorescein diacteate hydrolysis assay 
(Tables 4.12b, 4.13b and 4.14b; Figure 4.14d). 
 
7. While invasion by C. canadensis and S. wightiana decreased soil 
protease activity in the invaded patches, its activity was stimulated in the 
patches invaded by A. cotula (Tables 4.15b, 4.16b and 4.17b; Figure 
4.17d). 
 
8. Irrespective of the nature of the invading species, activity of both 
alkaline as well as acid phosphatase (enzymes involved in soil 
phosphorus cycling) was inhibited (Tables 4.18b, 4.19b, 4.20b, 4.21b, 
4.22b and 4.23b; Figures 4.20d and 4.23d). 
 
9. Activity of soil urease decreased in C. canadensis and S. wightiana 
invaded sites. Contrarily, but increased activity in the A. cotula invaded 
patches was recorded (Tables 4.24b, 4.25b and 4.26b; Figure 4.26d). 
 
10. Activity of soil asparaginase decreased in C. canadensis invaded patches 
while as both S. wightiana as well as A. cotula invaded patches recorded 
higher asparaginase activity in comparison to respective uninvaded 
control patches (Tables 4.27b, 4.28b and 4.29; Figure 4.29d). 
 
11. All the three invasive plants stimulated soil invertase activity in the 
invaded patches in comparison to uninvaded control patches (Tables 
4.30b, 4.31b and 4.32b; Figure 4.32d). 
Impact of invasion on the above mentioned soil attributes in 
percentage terms is presented in Table 6.1.  
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Table 6.1: Percent increase/decrease in various attributes studied due to invasion by Conyza canadensis, Sambucs 
wightiana and Anthemis cotula. 
Attribute Invasive plant SED 
C. canadensis    S. wightiana     A. cotula 
 
Number of soil bacteria  8.22  4.67  6.26 6.99 
Number of soil fungi -21.68  33.68  10.03 14.31 
Soil microbial activity -23.28  4.82 -13.27 7.36 
Soil microbial biomass -7.45  4.73  0.70 2.57 
Soil protease activity -12.91  8.43  11.52 9.50 
Soil alkaline phosphatase 
activity 
-32.03 -19.76 
 14.55 
11.5 
Soil acid phosphates activity -32.95 -23.06  12.14 9.42 
Soil urease activity -16.74 -6.34  10.88 20.46 
Soil asparaginase activity  -30.80  57.04  131.22 20.2 
Soil Invertase activity   7.85  54.69  2.48 16.71 
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Impact on of alien plant invasion on soil structural and functional attributes as 
reported in the present study can have following implications for the native communities: 
1. The feed-back loops established by plants with soil microorganisms can get 
altered. 
 
2. Allelopathic and competitive interactions of invasive plants with native 
neighbours can influence the native soil microbial community. 
 
3. Nutrient availability can get influenced due to the impact of invasive 
species on the activity of various soil enzymes. 
 
4. The above factors can promote invasion by other invasive plants leading to 
invasional meltdown. 
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Appendix I 
 
S. No. Medium  Composition of Medium Reference  
 
1 
  
Nutrient agar medium 1. Beef extract: 3g 
2. Peptone: 5g 
3. Agar: 15g 
4. Distilled water: 
100ml 
(pH = 6.8 – 7.0) 
 
Subha Rao 
(2000) 
2 Martin‖s  Rose Bengal 
Agar Medium 
1. Glucose: 10g 
2. Peptone: 5g 
3. KH2PO4: 1g 
4. MgSO4.7H2O: 
0.05g 
5. Streptomycin: 
0.03g 
6. Rose Bengal: 
0.035g 
7. Agar: 15g 
8. Distilled water: 
1000ml 
Martin (1950) 
 
 
 
 
   
 
